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CHAPTER 1

INTRODUCTION

A. Overview
Botrytis cinerea is a severe fungal pathogen responsible for the massive loss of
vegetative, fruit, and flowering crops as well as refrigerated produce worldwide. Botrytis
cinerea is toxic in a broad spectrum of hosts and host tissues under a wide range of
climate and storage conditions (Karchani-Balma et al., 2008; Pandey et al., 2009).
Factors abetting to its toxicity include genetic complexity (Muñoz, Gómez Talquenca,
Oriolani, & Combina, 2010), development-specific adaptability (Reignault, ValetteCollete, and Bocarra, 2007), resistance to fungicides (Sun et al., 2010), exploitation of
plant defense response mechanisms, and a large scale secretion of phytotoxic substances
on plant tissues (Espino et al., 2010). Efforts to control the pathogen are limited due
environmental contamination and fungal adaptability and resistance. In recent years,
research aimed at understanding the susceptibility of human, animal, and plant hosts has
turned to the genetic and proteomic features of B. cinerea.
B. B. cinerea Hosts and Specificity
Unlike many fungal pathogens, B. cinerea lacks specificity, having more than 200
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plant hosts.

Among susceptible species are the soft fruits, ornamental plants, and

vegetative crops. Due to its extreme adaptive nature, B. cinerea is prevalent during preand post-harvest seasons, on greenhouse-grown plants, and in commercial settings.
Moreover, B. cinerea is one of the only fungi capable of germination at temperatures of
0° C (Tang et al., 2012), making it difficult to control in refrigerated environments.
Although there is no clear indication as to what contributes to B. cinerea susceptibility, a
majority of its hosts are of the fleshy fruit variety, such as grapes, strawberries, peaches,
plums, and tomato. In addition to fruit, infection occurs on all tissue types including
seeds, stems, flowers, roots, and wooded structures.
1. Role in Wine and Viticulture Industry
Perhaps one of the most noted industrial roles for B. cinerea is as a ripening
catalyst. Botrycide, or the intentional application of B. cinerea spores onto host tissues
causes the rapid aging process of infected plants. For centuries, this technique has been
utilized for the production of wines.

A natural byproduct of grape infection is a marked

increase in sugar content and acidity. These properties make champagnes and dessert
wines a rare and expensive commodity.
2. Role in Human Health And Disease
Because B. cinerea accounts for only 1% of airbourne fungi, with estimates
reaching up to 11.6% in humid/tropical environments such as greenhouses, subways, and
water-damaged structures (Jurgensen and Madsen, 2009), standard tests often exclude
these species when screening patients for allergic reactions. However, recent reports in
Europe have demonstrated that B. cinerea is among the more prevalent allergens in
asthmatic children (Immonen et al., 2001; Korhonen et al., 2006). Moreover, the most
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severe allergic responses to B. cinerea are observed primarily in the viticulture industry
where the airborne spores are used as a catalyst for the over-ripening of grapes.
Prolonged inhalation of spores has been shown to cause hypersensitive pneumonitis (HP)
(Horner et al., 1995; Dart, 2004). Also known as winegrower’s or berry sorter’s lung, HP
is a severe respiratory infection with manifestations that range from tightness of the chest
cavity, fever, inflammation, and dry cough (Bessot, Stenger, and Pauli, 1997; Popp et al.,
1987). Little is known about the infection, and attempts to develop anti-fungal treatments
have been futile. Therefore an emerging field of research has focused on the complex
anti-apoptotic machinery of these and similar pathogens (Shlezinger et al., 2011) in
efforts to explore multi-drug resistance in plant, microbial, and human hosts (Kretschmer,
et al., 2009).
3. Economic Impact of B. cinerea-Infected Crops
In addition to its use as a ripening agent, B. cinerea has commercial potential in

10000
6600

Profit/Loss (millions USD)

5000

pre-harvest crops
post harvest crops
packaged flowers
fungicides
dessert wine
total estimated loss

0
-331.5
-1300

-709.9

-5000

-8741.4

-10000

-13000
-15000

Figure 1.1 Worldwide Cost of Botrytis cinerea Infection
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the production of enzymes and plant hormones such as abscisic acid (Zhao et al., 2009).
However, B. cinerea-infected crops have lower quality, weight, and yield, thus its
economic potential is overshadowed by a much greater need to develop biocontrol
reagents to combat plant disease (Elad, Malathrakis, and Dik, 1996). With more than 200
susceptible plant species, B. cinerea is a severe economic threat worldwide (Figure 1.1).
Postharvest loss due to infection has been estimated to account for up to 50% (Eckert and
Ogawa, 1988). As much as 15-40% of harvested grapes in France and 20-50% of
harvested crops worldwide are destroyed by B. cinerea infection resulting in an economic
loss of 10-100 billion Euros/ year (Genoscope, 2008; Eckert and Ogawa, 1988). Of its
hosts, soft fruits (i.e. strawberries, grapes, tomatoes, plums) are particularly susceptible.
With annual US cash receipt values of fruit and nuts reaching approximately 11 billion
dollars (USDA: average from 1980-2008), crop and post-harvest losses can be
devastating. An additional 300 million US dollars is lost in the packaged flower industry
due to infection. Lastly, tremendous efforts to control B. cinerea exceed 709 million
dollars in fungicides, while worldwide estimates of B. cinerea-directed fungicides are
between 15 and 25 billion dollars (Elad et al., 2007).
C. Current Understanding of Pathology
1. Metabolic Classes of Fungi
As part of their infection strategy, necrotrophs secrete a much larger and diverse
supply of compounds onto the surface of plant tissues in comparison to other fungal
species. In recent years, studies have focused on characterizing proteins within fungal
secretomes as a means to explore pathogenesis. For the purposes of plant attachment and
interaction, hydrophobic proteins such as hydrophobins provide a “channel” for infection
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conidiophore

conidia

A
B

mycelia

C

D

Figure 1.2 Life cycle of B. cinerea and stages during infection. (Left)
Developmental stages of B. cinerea (see text). (Right) Infection Stages. Singlecelled spores are carried by wind to plant tissue (A). Upon penetration of the
plant cell wall (B), they develop into conidiophores (C), and as infection proceeds,
become mycelia (D).
After germination, conidiophores are spread to
surrounding tissue.
structures to pass through and/or penetrate the plant cell wall. Subsequent maceration
and degradation of proteins is achieved by cell wall degrading enzymes and proteases,
while attenuation of infection and further colonization occur with the aide of additional
secretory products which may trigger necrosis and other defense signaling.
2. Infection and Plant Pathogenicity
B. cinerea is the asexual form of Botrytis fuckelinea and belongs to the
filamentous Phylum Ascomycota. Its life cycle (Figure 1.2) begins with single-celled
spores called conidia which remain dormant during winter months. Overwintering leads
to the development of stalk-like structures attached to of hyphae known as mycelia. As
winter progresses, mycelia can continue to develop into a hard compact mass or sclerotia
(Erental, Dickman, & Yarden, 2008; Oliveira et al., 2009). Upon germination in humid,
warmer seasons, spores reproduce rapidly to form conidiophores, highly branched
structures of conidia. Under windy or rainy conditions, the conidia are spread to
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surrounding plant hosts where the life cycle begins again.
During infection, B. cinerea exists in all stages of its life cycle. The initial spread
of the fungus to plant hosts is facilitated by wind, with spores attaching to tissue surfaces.
Once bound, B. cinerea infectious structures (i.e. conidiophores, mycelia) release toxic
proteins known collectively as cell wall degrading enzymes (CWDEs) that cause
characteristic necrotic lesions, with, pectinases being the most active during initial
infection (Renaualt et al., 2000; Cotoras and Silva, 2005). Germ tubes or appresoria are
often formed at the site of fungal attachment and subsequently penetrate surrounding
plant tissue (Hou and Chen, 2003) thus resulting in the spread of infection and release of
more toxic compounds. Upon host penetration, a large array of proteins are secreted early
in infection which may contribute significantly to B. cinerea adhesion, colonization, and
ultimately, overall pathogenicity on host tissue.
3. Genomic Complexity of Necrotrophic Fungi of B. cinerea
The recent sequencing of the B. cinerea genome alongside the closely related
necrotrophic pathogen Sclerotinia sclerotiorum (Amselem et al., 2011) reveals striking
similarities between the two organism. Like many ascomycetes (filamentous fungi), their
38-39 Mb genomes are relatively larger than most of their nonpathogenic counterparts,
strongly suggesting genome expansion (Spanu et al., 2010). Likewise, both B. cinerea
and S. sclerotiorum have a considerably larger number of genes in comparison to related
organisms, although many represent proteins with < 100 amino acids. In addition, they
also share homology in terms of the presence of genes involved in programmed cell death
(PCD), internal proteins or inteins, and metabolism.
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4. Plant Pathogen Interactions
Plants have developed highly complex gene-for-gene resistance strategies to
counteract pathogen invasion. During the initial phase of plant pathogen interactions
(PPIs), a pathogen is recognized by its host through what are collectively known as
pathogen associated molecular patterns (PAMPs) and/or avirulence (Avr) proteins.
PAMPs are structural features of the pathogen (e.g. bacterial flagellin) which present
themselves at the plant cell wall where they interact with pathogen-related receptors
(PRRs) and initiate an immune signaling cascade known as pathogen-triggered immunity.
Often, fungal PAMPs lead to the hypersensitive response (HR) and/or the accumulation
of phytoalexins. On the other hand, Avr proteins are pathogen secretory products that
interact with other components/receptors of the cell wall. Also known as effectors, Avr
proteins perception can either counteract PTI by suppressing immune signaling (effectortriggered susceptibility or ETS) or have an additive effect on PAMP-derived PTI by
activating resistance (R) genes which, in turn, initiate the induction defense-related genes,
MAP kinase signaling cascades, and reactive oxygenated species (ROS).
5. Hypersensitive Response
HR is a rapid, controlled pattern of cell death that is localized to areas of invasive
organisms or molecules.

Tissues undergoing HR undergo cell wall thickening,

ROS/NOS production, and/or the accumulation of phytoalexins. In pathogen triggered
immunity (PTI), organisms such bacterial or fungal pathogens present Avr
proteins/structures to disease resistant or leucine-rich receptors (LRRs). In contrast,
effector- triggered immunity is caused by the penetration of degradative or membrane
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permeable secretory proteins that activate R protein signaling cascades (Tsuda et al.,
2009). In spite of their differences, both PTI and ETI signaling both initiate HR.
6. Hormone-Associated Gene Expression of B. cinerea Hosts During Infection
Plants utilize auxins, gibberellins and cytokinines to stimulate growth and
development. Auxins are produced in seed embryos and young leaves, and are primarily
involved in cell differentiation, stem elongation and fruit development. Gibberellins are
found in young leaves and embryos as well, but are also found in the roots. Their primary
role is to stimulate germination, fruit development, and root growth/differentiation.
Lastly, cytokinines inhibit cell senescence by stimulating cell division and differentiation.
Although responses of infected plants can be host-specific, the induction of
hormonal pathways is an almost inevitable response of pathogen invasion.

Plant

development and growth can be severely impacted by biotic/abiotic stress. Each pathway
has very specific functions. However, there exists a mutual regulation, or cross-talk
among them. Although abscisic acid is primarily associated with responses to abiotic
stress, recent studies suggest a role for ABA signaling in plant immunity. According to
Asselbergh et al. (2007), tomato mutants deficient in ABA have an early accumulation in
hydrogen peroxide and cell wall modifications that inhibit B. cinerea colonization. Along
with the activation of disease-associated hormonal pathways (i.e. jasmonate), are the
induction of cell wall recognition and reinforcement genes.
7. Pathogenesis-Related Protein Families
Since the initial discovery of pathogenesis-related (PR) proteins in tobacco leaves
infected with the tobacco mosaic virus (TMV) in the 1970s (van Loon & van Kammen,
1970), multiple proteins have been found throughout the plant kingdom. The PR proteins
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are grouped into 17 families based on structure, function, and biological activity (Table
1.1). The mechanisms of defense for PR proteins either protect plant cells from pathogen
attack or actively target pathogen function. Enzymes such as chitinases and glucanases
(particularly PR-3 and PR-4 families) act by hydrolyzing the major cell wall components
of filamentous fungi such as B. cinerea or S. sclerotia. PR-6 proteins inhibit the activity
of insect digestive enzymes as well as degradative enzymes of fungal pathogens (Borad
and Sriram, 2008). The PR-9 family is involved in cell wall construction. Peroxidases of
this family are believed to catalyze cell wall lignification (Taheri and Tarighi, 2012).
Because the overexpression of PR-1,-2, -3, and -5 causes resistance to phytopathogenic
fungi(Vigers et al., 1992), these families are considered the most effective antifungal
agents. When effective, the role of all PR proteins appears to be the limitation of
Table 1.1 Pathogenesis-Related Proteins
PR FAMILY
NAME
PR-1
Pathogenesis-related protein
PR-2
Β-1, 3- Glucanase
PR-3
Chitinases
PR-4
Chitinase Class I, II
PR-5
Thaumatin-like Proteins

BIOLOGICAL ACTIVITY
Antifungal
Hydrolyze fungal cell wall glucans
Chitin hydrolysis
Growth inhibition
Permeabilization of fungal membranes,
hyphal growth inhibition
Inhibition of parasitic, mammalian, and
fungal enzymes

PR-6

Protease Inhibitors

PR-7
PR-8
PR-9

Endoproteinases
Class III Chitinases
Peroxidases

PR-10
PR-11
PR-12
PR-13
PR-14

Ribosome Inactivation Protein (RIP)
Ribonuclease-like proteins
Type V chitinases
Defensins
Thionins
Lipid transfer proteins

PR-15
PR-16
PR-17

Oxalate oxidases, Germins
Oxalate oxidase-like proteins
Unknown

Fungal cell wall degradation
Antioxidative; Detoxification of reactive
oxygenated species (ROS) after pathogen
attack
RNase, fungal translation inhibitor,
antimicrobial
Antimicrobial
Antibacterial, antifungal
Lipid binding and transport, activation of
defense responses
Development, germination stress response
Pathogen resistance?
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wound/infection surface area, therefore, PR proteins are key players in the hypersensitive
response, pathogen-triggered immunity, and effector-triggered immunity.

Several

hormone-induced PR proteins affect resistance to B. cinerea infection.

Ethylene

pretreated tomatoes display reduced Proteinase Inhibitor I expression and increase
resistance (Diaz, ten Have, and van Kan 2002). Although the overexpression of Cel1 and
Cel2 and other Salicylic Acid-derived endoglucanases (EGs)increase susceptibility in
tomato (Flors et al., 2007) and grapevine (Renault, Deloire, and Bierne, 1996; ), EG
accumulation in mango (Mansour et al., 2006; Ebrahim, Usha, and Singh, 2011) confers
resistance. Chitinases have been shown to inhibit the growth of B. cinerea on (Saito et
al., 2011).While PR induction is effective against most pathogens, necrotrophic agents
such as B. cinerea appear to exploit plant defensive mechanisms by producing
antagonistic elicitors of hormonal pathways (El Oirdi et al., 2011),

and ripening

responsive genes (Cantu et al., 2009). Therefore, to control B. cinerea pathogenicity,
considerable efforts have been made to explore its secretory products during plant
pathogen interactions.
D. Summary
B. cinerea infection has reached epidemic proportions in the agricultural
community. Although plant defense mechanisms have been studied in great detail, the
underlying features which cause B. cinerea to be pathogenic to a broad host of plant
species are yet to be deciphered. However, understanding the role of secretory products
during early infection may not only provide determinants of susceptibility/resistance, but
also redefine the components of successful B. cinerea biocontrol agents.
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CHAPTER 2

DEFINING A ROLE OF CERATO-PLATANINS IN FUNGAL-PLANT
INTERACTIONS

A. OVERVIEW
Cerato-platanins (CPs) are extremely hydrophobic proteins found almost
exclusively in the fungi. Since its discovery at least 200 additional CP proteins have been
identified. Genes are present in both pathogenic (C. platani, B. cinerea) and
nonpathogenic (Laccaria bicolor) fungal species (Figure 2.1 A). At least 70% of all CPs
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Figure 2.1. Prevalence of Cerato-platanins in Fungal Genomes
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have a signal peptide at their N-terminus and one or more transmembrane regions
(Figure 2.1 B). Their presence, particularly in biotrophic hosts demonstrates that either
they may not in themselves be phytotoxic, or that subtle differences in amino acid
sequence or the expression conditions of the organism may lead to toxicity.
1. Survey of the Cerato-platanin Family
Many fungal secretory proteins belong to the Barwin-like endoglucanase
superfamily (IPR014733), which contain characteristic double-psi beta-barrel folds
(Yennawar et al., 2006). More than 90% of the C-terminal amino acid sequence of the
pollen allergen expansin (IPR007112) overlaps with the Barwin motif. The solution
structure of the cerato-platanin (CP) from Ceratocystis platani contains a similar doublepsi-beta barrel fold (de Oliveira et al., 2011). The CP family (IPRO01089) of proteins is
found almost exclusively in fungi, and have been identified in both biotrophic and
necrotrophic genomes. Of these, 80% are found in the fungal genomes of known
pathogenic origins (Figure 2.1A) including three within B. cinerea. Proteins within this
family are largely hydrophobic, containing 4 highly conserved cysteines thought to
participate in disulfide bonds, and usually possess a secretory signal peptide at the Nterminus (Figure 2.1B). Although the founding member of the CP family and many of
its homologues have been shown to initiate plant cell death (Pazzagli et al., 2006), their
presence in nonpathogenic fungi such as the mycorrhizial organism Laccaria bicolor
(Martin et al., 2008) and their similarity to the nontoxic expansins suggest they may have
additional functions that are not necessarily toxic. Close inspection of the amino acid

12

Figure 2.2. Amino Acid Sequences of Select Cerato-platanin. A BLAST search
was performed using the amino acid sequence of BCSNOD1 using the Multalin
Interface tool (Corpet, 1988). Colored residues represent no identity (black),
50% identity (red), or greater than 90% identity. The top 40 species are shown
to emphasize conservation of cysteines (rectangles) and signal peptide region
(oval). Names of plant pathogens (green), animal/human pathogens (pink), and
nonpathogenic fungi (white) are presented to the left of the corresponding
sequence.

sequences of CPs from necrotrophs, biotrophs, and hemibiotrophs show a high degree of
sequence conservation (Figure 2.2), consisting of approximately 120 residues with the
presence of 4 cysteines, and an N-terminal signal peptide. Many of the proteins belonging
to the CP family also possess membrane associated sequences. Approximately 45% have
a CGL membrane anchor sequence at the C-terminus while as much as 24% carry a
tyrosine based sorting signal. In addition, many CPs have an N-myristoylation site and a
casein phosphorylation site.
In spite of their sequence similarity, the role of CP proteins in phytotoxicity is
poorly understood. Previously, studies of cerato-platanins from other fungi (and most
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recently, B. cinerea) have shown that these proteins elicit varying plant responses
including those involved in pathogen recognition, defense signaling, and necrosis.

2. Hydrophobins: Close Relatives of CP Family
The N-terminus of CP family members bare marked similarity to hydrophobins.
Hydrophobins are small proteins of ~100 amino acid residues that are only found in
filamentous fungi. Like CPs, they have the ability to self assemble into ampiphatic
membranes at hydrophilic-hydrophobic fungal hyphae-cell wall interface (Wosten 2009).
All hydrophobins contain eight conserved cysteines that are believed to participate in
intramolecular interactions. Hydrophobins are grouped into Class I or Class II based on
the spacing between their highly conserved cysteines residues. Although both classes are
capable of self-assembly, class I hydrophobin membranes are more stable, presumably
due to their characteristic rod-like structures which resemble amyloid proteins. The selfassembling ampiphatic membranes of hydrophobins are thought to attribute to growth of
the filamentous structures of both pathogenic and nonpathogenic fungi. The capacity of
Class I hydrophobins to change surface polarity has been applied commercially in the
paint industry (Yang et al., 2006).
Other classes of hydrobins include expansins and allergens. Named for their
capacity to loosen the cell wall, expansins have been shown to play roles in growth and
development. All expansins contain a signal peptide, an N-terminal glycoside hydrolase
45 (GH45)- catalytic domain and the group-2 grass pollen allergen (G2A) at the Cterminus which binds to cellulose(Sampredo & Cosgrove, 2009).

Expansins are found

primarily in plant genomes (Brotman et al., 2008). Expansin-like amino acid sequences,
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however, exist in several fungal genomes including Trichoderma, Hypocrea, and
Chaetomomium species with similarity being found in the cysteine-rich domain I.

B. CP Research is a Work in Progress
In spite of widespread prevalence of CPs, their purpose in fungal proteomes is
poorly understood. The purified cerato-platanin homologue MSP1 from Magnaporthe
grisea (rice pathogen) is nontoxic when applied to wounded barley leaves in vitro, yet
deletion mutants have a substantial loss of virulence (Jeong, Mitchell, & Dean, 2007).
Still other studies implicate a role in the inhibition of plant growth (Fontana et al., 2008),
initiation of HR (Frias, Gonzalez, and Brito, 2011), and a conferrence of plant disease
resistance at low doses (Yang et al., 2009).
1. Structural Features
A number of recent studies have shown surprising similarity between CPs,
hydrophobins, and expansins. The solution structure of the expansin-like CP from C.
platani reveals double-psi beta-barrels folds reminiscent of the GH45 domain and strong
pH and thermal stability (de Oliveira et al., 2011). Like hydrophobins, the CP of C.
platani also assembles into amyloid-like aggregates that heighten HR.
2. Aggregative Properties
There are several distinctions, however, that may prove critical for CP function.
In contrast to hydrophobins, the self-assembling aggregates from the T. atroviride ceratoplatanin EPL1 increase the polarity of surfaces/solutions surrounding their structures.
Unlike the sturdy oligomers of hydrophobins, CP aggregate assembly is completely
reversible in aqueous solutions. C. platani CP assemblies interact with Platani in a
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concentration-dependent manner with the higher aggregate concentrations being more
toxic (Pazzagli, et al., 2009). Taken together, these findings offer the possibility of
multiple CP functions.
3. B. cinerea Genome Reveals at Least Two New Cerato-platanins
As was discovered by el Mubarek (2009), upon infection of strawberry, B.
cinerea induces two cerato-platanins. Perhaps the best evidence of CP function, at least in
necrotrophic species, was demonstrated in the knockdown study of the B. cinerea ceratoplatanin BCSpl1. Finally, inhibiting the expression of CP in fungal cultures reduces the
size of necrotic lesions of plant tissue during infection (Frias, Gonzalez, and Brito, 2009).
C. Summary
Although more than 200 cerato-platanins have been identified in multiple fungal
species, their role in plant disease is poorly defined. Assuming that pathogenicity is
host/species specific, it is important to understand the characteristics of individual ceratoplatanins. Recently two CP family members were identified which are expressed in
abundance during the early stages of infection (el Mubarek, 2009). In an effort to
understand their role in B. cinerea pathogenesis, the current investigation explores
protein activity in vitro on living plant tissue.
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CHAPTER 3

BCSNOD PROTEIN PURIFICATION AND CHARACTERIZATION

A. OVERVIEW
Plants lack the circulatory systems of most eukaryotic organisms; however their
hormonal signaling mechanisms are among the most complex. In addition to the growth
and developmental responses normally associated with hormone induction, plant
hormones play an intricate role in both defense and metabolic pathways. Moreover,
hormonal pathways such as jasmonate (JA) or ethylene (ET) are known to enhance or
reduce the activity of each other. This form of regulation, referred to as crosstalk, can
easily be misinterpreted as dual responses. These overlapping associations, along with the
appearance of repetitive genes in plants, render the study of pathogen-mediated gene
expression equally challenging. This chapter explores standard methods to investigate
pathogen-plant interactions. Lastly, a novel approach to study protein-induced plant
activity is introduced which utilizes two recombinant cerato-platanins from the model
organism B. cinerea.
B. REVIEW OF METHODS TO STUDY PHYTOPATHOLOGY
There are multiple techniques available to analyze plant disease pathology. Non-
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invasive methods leave the plant tissue intact and focus on in vivo activity of the
organism of choice. Traditional examples of this approach involve direct application of
pathogens onto tissues. These methods provide much information regarding stages of
plant infection. However, because many pathogenic fungi have common or similar
infection strategies, it can be difficult to clearly define species-specific pathology.
1. Gene Manipulation and Transfer Studies
A more direct approach utilizes RNA interference (RNAi) to silence genes
associated with plant cell death or susceptibility. To achieve gene silencing, genetic
material (i.e. double-stranded RNA) is transported into the host genome in order to alter
native expression patterns.

Genetic material can be delivered via microparticle

bombardment, viral entrance, or Agrobacterium-mediated transfer (discussed in the next
section). Although this method is less ambiguous than the non-invasive approach, it is
also time consuming, and it must be noted that RNAi suppresses a gene’s expression but
may not eradicate it completely. Furthermore, the gain/loss of function of a single gene
can have unknown consequences to one or more pathways downstream, thus creating
multiple variables to assess.
2. Endogenous Gene Expression
Agrobacterium mediated transformation (AMT) is commonly used to transiently
express fungal genes in planta (Gelvin, 2003). Agrobacterium tumifaciens is a soilbourne bacterium with an innate ability to transfer genetic material to plant hosts.
Transfer DNA (T DNA) is initially located within the tumor-inducing (Ti) plasmid. In the
presence of plant hosts, virulence (Vir) proteins initiate a signaling cascade which causes
the secretion of other Vir proteins and the T DNA ultimately becomes integrated into the
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host genome. Endogenous gene expression is initiated by the plant’s wound-induced
signaling from phenol-containing compounds. For almost 30 years, researchers have
exploited this natural phenomenon for the purposes of transferring specific genes into
plant hosts. The major advantage of AMT is that gene expression can be controlled.
However, the range of Agrobacterium hosts is limited and several species exhibit
necrotic/apopotic activity as a result of successful transfection (Kuta and Tripathi., 2005).
3. Secretome
One of the most striking features of B. cinerea and other necrotrophic fungi is
their mass secretion of proteins during infection. The nature of many of these proteins,
particularly in early stages of infection, suggests not only the initiation and establishment
of host-pathogen interactions, but also the immediate induction of hormone-related gene
responses.

Conversely, modern efforts to study plant disease have focused on the

composition of fungal proteomes, with emphasis on proteins that are secreted at the plantpathogen interface.
With the release of more than 50 completed secretomes, a new and promising
field of plant research has emerged. According to the Fungal Secretome Knowledge
Database

(FunSecKB; http://proteomics.ysu.edu/secretomes/fungi.php), more than

478,000 fungal proteins contain a signal peptide, have a subcellular localization,
transmembrane domains, and/or show experimental evidence of secretion (Lum and Min,
2011).

Interestingly, ascomycetes generally have more than 3% of their proteome

secreted, with severe pathogens such as Aspergillius and Magnaportha grisea showing
from 5.9-7.4% and 10.5% of the proteome to be secreted, respectively.

In terms of

molecular function, the majority of secretory products from all fungal species exhibit
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hydrolase activity or binding, with the remainder involved in catalysis and other
functional categories. Taken together, the combined classification by species-specific
pathogenicity, secretion, and function has greatly improved the current understanding of
plant infection and disease.
4. Filtrate-Derived Techniques
As evidence of fungal secretory proteins continues to surface, multiple
researchers have begun to investigate their properties in vitro. For example, pulse-chase
labeling of the hydrophobin cryparin from Cryphonectria parasitica was used to
determine its binding properties and glycosylation (McCabe and Van Alfen, 1999). CP
derived from culture filtrates have been utililized to characterize structural and functional
aspects of the CPs from C. populico (Comparini et al., 2009) C. platani (Fontana et al.,
2008), and Ceratocystis fimbriata (CfCP; Scala et al., 2004) in vitro.
5. Recombinant Approaches to Phytopathology
Although filtrate studies have provided enormous insight regarding CP function,
the major limitation of this method is that fungal culture growth takes approximately 21
days and produces low protein yields. Therefore, more recent efforts have relied on
recombinant expression and purification techniques (Figure 3.1). The Pichia Pastoris
expression system has been used to isolate hydrophobic/post-translationally modified
proteins (White, Kempi, and Komives, 1994), and most recently, was used for the
characterization of CPs (Carresi et al., 2006; Frias, Gonzalez, and Brito, 2011; Oliveira et
al., 2011). This system causes direct secretion of SP-containing proteins into the media,
thereby eliminating the need for protein extraction.

Indeed, recombinant Pichia

expression systems are appropriate for studies that require a moderate yield of soluble
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Figure 3.1 Eukaryotic vs Prokaryotic Expression Systems. Colonies are grown
on (A) selective plates for 8-12 h (bacteria) or ~20 (yeast) and transferred to (B)
selective media. Cultures are induced for 3-18 h (bacteria) or 48 h to 21 days
(yeast).
Low speed centrifugation causes cells to form pellets. Protein is
extracted from the cell pellet (top) or separated media.

proteins.

However, for experiments that necessitate reduced growth time and large

quantities of purified protein, researchers opt for E. coli-based bacterial expression
systems. Although bacteria do not possess the complex post-translational machinery of
eukaryotic organisms, they are easy to manipulate, less prone to contamination, and have
rapid growth rates (Khow and Suntrachun, 2012).

In addition, bacterial expression

systems generally increase eukaryotic protein yield by as much as 100-fold.
6. Experimental Considerations and Rationale
As reviewed in Chapter II, the function of cerato-platanins appears to be species-
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BcSnod1
MGSSHHHHHH SSGLVPRGSH MITVSYDVGY DDASRSLAVV SCSDGSNGLL TKGYTTQGSL
KNFPNIGGAS VVAGWNDANC GSCYQLSYGG RSINVLVIDH AGAGFNIGEQ LNTLTGGQA
AALGRIDASY TQVDKSACGL
BcSnod2
MGSSHHHHHH SSGLVPRGSH MIQVTYDSGY DNAARSLSVV SCSNGPNGLE TRFPQYKVQG
DLPTFARIGG ASTIAGWNSP NCGTCYTLTY QGVSINILAI DTAATGFNIA ESAMNTLTNG
RAVQLGNIDA DWTLVTPEEC GLPAEGGGSP CKA

Figure 3.2. Amino Acid Sequences of Recombinant Proteins. The N-terminal
sequence (green) with the 6-Histidine tag (underlined) and conserved cysteines
(blue) are highlighted.

specific with protein activity depending largely on expression conditions, protein
concentration, host-pathogen interaction, and other environmental determinants. The
purpose of the current investigation was to determine the activity of the B. cinerea ceratoplatanins BCSNOD1 and BCSNOD2 in vitro. In an effort to focus on the individual
characteristics of both proteins, the first goal was to overexpress the isolated proteins in a
bacterial expression system.

Because bacteria do not contain the post-translational

machinery of eukaryotes, there is the potential to obtain insoluble proteins or inclusion
bodies and/or lose protein activity. The remainder of Chapter 3 describes techniques to
circumvent both obstacles.
C. MATERIALS & METHODS
1. Cloning
The genomic DNA of Botrytis cinerea strain B05.10 minus the signal peptide was
amplified

to

obtain

the

cDNA

of

GTGCATATGATCACCGTCTCCTACG

BCSNOD
3’;

1

(forward

reverse

primer:

primer:

5’
5’

GTGCTCGAGTTACAATCCACAAGCACTCTTGTCG 3’) and BCSNOD 2 (forward
primer:

5’

GTGCATATGATCCAAGTAACCTACG

3’;

reverse

primer:

5’

GTGCTCGAGCTAAGCCTTACACGGTGATCC 3’) to yield constructs with the Not1
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Table 3.1. Buffers used in Purification Procedures
Buffers/Media
Luria Broth (LB)
Super Optimal Broth with
Catabolite Suppression (SOC)
Resuspension Buffer (RB)
Binding Buffer (BB)
Elution Buffer
Gel Filtration Buffer (GB)

Components
10 g/L Tryptone, 10 g/L NaCl, 5 g/L Yeast Extract

20 mM Na Phosphate, pH 7.4, 100 mM NaCl
20 mM Na Phosphate, pH 7.4, 100 mM NaCl, 0.3%
NLS
20 mM Na Phosphate, pH 7.4, 100 mM NaCl, 500 mM
Imidazole, 0.2% NLS
20 mM Na Phosphate, pH 7.4, 100 mM NaCl, 0.2%
NLS

and Xho1 restriction sites. Amplified PCR products and the pET 28b expression vector
(Novagen) were digested with Not1 and Xho1. Fragments were subsequently inserted
between restriction sites of pET 28b as previously described (Figure 3.2, see also Rathi,
2011). The presence of inserts was verified by DNA sequencing. Cloning resulted in
constructs with six histidines at the N-terminus. All buffers for subsequent expression
and purification are listed in Table 3.1.
2. Bioinformatics
To determine transmembrane regions of BCSNOD1 and BCSNOD2, a
hydropathy plot of the amino acid sequences was generated using the Expasy Protscale
server on a linear scale (http://web.expasy.org/protscale; Kyte and Doolittle, 1982).
Alignments of proteins to other fungal cerato-platanin were performed using the Multalin
Viewer (Corpet, 1988). To compare the distribution of membrane targeting regions in
fungal CPs, nonredundant sequences were input into the KohGPI Self-Organizing Map
(Fanhauser and Maeser, unpublished).
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3. Bacterial Transformation
Approximately 100 ng of pET 28b, SNOD 1, or SNOD 2 was mixed with 100 µl
of chemically competent E. coli strain BL21(DE3) cells (New England Biolabs). The
reaction mixture was incubated on ice for 15 minutes then heat-shocked for 30 seconds at
42° C. Cells were transferred back to ice and mixed with 400 µl of super optimal broth
with catabolite suppression (SOC) media. Reaction mixtures were then incubated with
shaking at 37° C and 225 rpm. After incubation, 100 µl of transformation was spread on
Luria Broth (LB) agar plates containing 35 mg/ml Kanamycin (kan).

Plates were

incubated overnight at 37° C then stored at 4°C for later use.
4. Expression & Solubilization Of Recombinant Proteins
a. Bacterial Growth and Induction
A single colony of empty vector pET 28b, SNOD 1, or SNOD 2 was inoculated in
3 ml of LB containing 35 mg/ml Kanamycin (LBkan). Cultures were grown overnight at°
C with shaking at 225 rpm then transferred to 500 ml of LBkan. Cultures were grown to
an OD600 of 0.4 at 37° C, then induced by the addition of 1 mM isopropyl-β-D-1thiogalactylpyranoside (IPTG) and incubated overnight at 18° C, 225 rpm. Cells were
harvested with centrifugation at 4° C and 3500 xg and stored at -80° C.
b. Protein Extraction and Solubility Screen
To extract the proteins, pET 28b, SNOD 1, or SNOD 2 bacterial pellets from a
500 ml cultures were resuspended in 30 ml of 20 mM sodium phosphate buffer, pH 7.4,
500 mM NaCl.

Suspensions were sonicated 3X (30% duty cycle, 4.5 output), and

centrifuged at 10,000 xg. Initially proteins were insoluble without the addition of Urea.
To remove proteins from bacterial inclusion bodies, bacterial extracts were screened in
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the presence of 2% detergent (Table 3.2) Resuspensions were sonicated on ice for 3
minutes 3 times

(4.5 output, 50% duty cycle) then centrifuged for 30 minutes at 4° C,

10,000 rpm. Samples of the insoluble pellet and the supernatant were run on a 12% SDS
PAGE gel. Detergents that induced solubility were further screened to determine their
interaction with purification and separating columns.
c. Buffer Optimization
Based on the detergent screen, N-laurylsarcosine was selected, and the experiment
was repeated with 100-500 mM NaCl and 0.2-0.5% detergent. Solubility was assessed
two ways: the cell pellet weight (PW) was weighed at each centrifugation step and the
protein content of the supernatant was determined using the Bradford method or a UV
spectrometer. Samples of pellet and supernatant were run on a 12% SDS PAGE gel.
Soluble fractions were applied to nickel-coated beads to determine binding affinity.

Table 3.2. List of detergents used in current study. Detergents are classified as
nonionic (NI), anionic (AI), or zwitterionic (ZI). Both SNOD 1 and SNOD 2
proteins were lysed in detergent-buffer solutions.
Class

Name

NI

Triton X-100
Tween 20
Nonidet P40
octyl glucopyranoside (OG)
n-decyl-β-d-maltoside (NDM)
n-dodecyl
β-d-maltoside
(NDDM)
n-laurylsarcosine (NLS)
Sodium dodecyl sulfate (SDS)
CHAPS (CH)
n-dodecyl-β-iminodipropionic
acid (DBI)
CHAPSO
Anzergent (ANZ)

AI
ZI

Molecular
Weight
625
1228
680
292
483
511

0.2-0.9
0.06
0.059
20-25
1.6
0.15

293
289
615
373.4

14.6
7-10
6
N/A

631
363.6

8
0.16
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Critical Micelle Concentration (mM)

5. Protein Chromatography
a. Affinity Chromatography
Bacterial pellets of pET 28b, BcSnod1 or BcSnod2 were resuspended in Buffer
RB (Table 3.1), sonicated and centrifuged as before. Supernatants were discarded and
the pellets resuspended in Buffer BB, and centrifuged for 30 minutes at 4° C, 10,000 rpm.
Supernatants were passed through a Profinity metal affinity column (Bio-Rad) at 3
ml/minute and eluted on 0-500 mM Imidazole gradient with Buffer EB on an open phase
liquid chromatography (OPLC) system. Fractions were collected and run on a 12% SDS
PAGE gel.
b. Size Exclusion Chromatography
Purified fractions from OPLC were pooled and buffer exchanged against Buffer A
to remove residual imidazole using an Amicon Ultra-15 Centrifugal Filter with a
molecular weight cut-of of 10 kDa (EMD Millipore). Volume was brought down to 2 ml
and the resulting solution was applied to a 100 ml sepharose column. Samples were
eluted at 1 ml/minute and analyzed on an SDS PAGE and native gel.
D. RESULTS
1. Bioinformatics and Solubility
CP are highly hydrophobic proteins that often have one or more transmembrane
regions. CPs from Ceratatocystis fimbriata, C. platani, and Trichoderma verdi have been
shown to associate with or be localized in the cell wall (Frischmann et al., 2013).
BCSNOD1 and BCSNOD2 have a broad distribution of hydrophobic residues throughout
their amino acid sequences (Figure 3.3 A), and at least 3 predicted transmembrane
domains (Figure 3.3B-C).
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In addition to a hydrophobic propensity, CP family members may possess a signal
peptide

(SP)

at

the

N-terminus

or

a

glycosylphosphatidylinositol

(GPI;

phosphatidylinositol + glycosyl group) membrane anchoring sequence at its C-terminus.
SP sequences (~5-30 residues) localize at the cell membrane following protein
translation. In eukaryotes, proteins with SPs are redirected to the Sec61 channel where
the signal peptide is cleaved and the resultant protein targets the cell membrane. GPIanchored proteins act in a similar manner; however, their final destination is the ER. Of
the 242 nonredundant CP amino acid sequences from fungi, ~79% possess a signal
peptide at the N-terminus and 10% have GPI-anchor sequences (Figure 3.4).
As predicted by their hydrophobic nature, both SNOD 1 and SNOD 2 are highly
insoluble under native purification conditions. Furthermore, like many cerato-platanins,
they have multiple regions that are have the potential to traverse the membrane.
Characteristics such as these make it difficult to extract soluble proteins, particularly in
bacterial expression systems. In preliminary studies revealed that although BCSNOD1
and BCSNOD2 induced cultures yielded greater than 50 mg/L protein, both proteins were
insoluble under standard conditions. In previous studies, the denaturant Urea was used to
extract BCSNOD1 and BCSNOD2 from the bacterial pellet. Plant activity assays using
Urea-induced extracted proteins showed a discoloration in BCSNOD-treated tomato
leaves reminiscent of chlorosis and moderate browning.

However, “disease”

manifestations were not as severe as the phenotypes seen during normal B. cinerea
infection or recombinant CP from Ceratocystis fimbriata.
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Suspecting that protein

Figure 3.3. Hydrophobicity of B. cinerea cerato-platanins. (A) Polarity of BcSnod 1
(top) and BcSnod 2 (bottom) amino acid residues. Sequences were aligned using
MUSCLE (www.ebi.ac.uk.com). Residues are colored to display most hydrophobic
(red, magenta) hydrophilic residues (purple, blue). Hydropathy plot of (B)Snod1
and (C) Snod2. Signal peptides were removed prior to calculations (Hoffman &
Stoffel, 1993).
SP

SP + GPI

?

Figure 3.4 Selforganizing map of
membrane-directed peptides of
fungal CPs.
The amino acid
sequence of BcSnod1 was aligned
with 242 CPs. All nonredundant
sequences were analyzed using
GPI-SOM
(Frankhauser and
Maeser, publication submitted)
X: membrane protein hit
X: multiple hits
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Figure 3.5 Solubilization of recombinant Snod 1 through detergent screening.
Bacterial pellets were lysed in buffer containing nonionic (A) zwitterionic (B) or
anionic (C) detergents. SDS PAGE in A-C shows total lysate (T) and soluble fraction
(S). Structure of SDS (D), DBI (E), and NLS (F).

activity may have been compromised under denaturing conditions, the next avenue was
to perform detergent extraction, thereby circumventing a refolding step. Four classes of
detergents were screened to test their ability to solubilize the recombinant proteins (Table
3.2).

Detergents were added at up to a 2% concentration to the lysis buffers, and

bacterial pellets were lysed according to standard purification procedures.
As would be expected given the pI of native BCSNOD1 and BCSNOD2, none of
nonionic detergents were capable of solubilizing the recombinant proteins (Figure 3.5A).
However, when using charged detergents (Figure 3.5B-C), solubility was achieved with
detergents that possessed long aliphatic chains attached to a sulfate group or one or more
carboxylate groups (Figure 3.5D-F). Of the detergents that were capable of solubilizing
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the proteins, N-laurylsarcosine was utilized for all subsequent purifications because 1) it
is able to solubilize both proteins at minimal concentrations, 2) performs better with low
salt concentration, 3) and does not harm plant tissue independently of protein presence.
Using these methods, the current extraction procedures increased the yield to
approximately 250 mg of protein/L culture volume.
2. Maximization of Buffer Conditions
The next goal was to define optimal buffer conditions that would facilitate
purification of the recombinant proteins. In general, His tag purification protocols call
for a salt concentration of ~500 mM and low detergent concentration in buffers. In initial
detergent-induced extraction experiments, in spite of the large protein yield,

the

protein concentration and activity decreased over time, regardless of the storage
conditions (data not shown). Salts are known to alter the properties of anionic detergents
and have been shown to affect the critical micelle concentration (CMC) values and phase
diagrams of detergents (Schager, Straessel, and Hafen, 2012), thus resulting in protein
aggregation or precipitation.

Therefore, the next step was to identify buffer

concentrations containing minimum salt and detergent concentrations, while allowing for
maximum protein yield, stability, and purification to homogeneity.
In a brief study, the extraction of BCSNOD1 and BCSNOD2 was performed with
variations in salt and detergent concentration. Proteins were extracted in 20 mM Na
Phosphate, 2% NLS, and 100-500 mM NaCl (Figure 3.6). Maximum protein yields were
obtained at low salt concentrations. Furthermore, yield does not vary significantly at
higher percentages of NLS (data not shown) suggesting that higher salt concentrations
inhibit protein solubility.

30

500 mM NaCl
Snod 1 Snod 2
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2 3

100 mM NaCl
Snod 1 Snod 2
5
6
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4
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Proteins
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Figure 3.6 Solubility in Ni+ BB vs Q buffer. Pellets (1, 3,5, 7) were lysed in buffer
indicated and centrifuged at ≥ 10,000 xg. Soluble supernatants (2,4,6,8) were
run in parallel pellet on 12% SDS PAGE.
The next goal was to purify the BCSNOD proteins via Ni+ affinity
chromatography.

In preliminary studies, both proteins bound to an affinity column

(although weakly) in the presence of 20 mM Na Phosphate, 2% NLS, 100 mM NaCl.
However, a considerable fraction of the column elutes contained bacterial contaminants,
which were unable to be removed following subsequent gel filtration (see next section).
Most affinity columns have a limited binding capacity for protein: detergent solutions
with maximum detergent concentrations at 1-2%. Therefore, an extraction screen was set
up to find the minimum detergent concentration required to solubilize BCSNOD1 and
BCSNOD2 (Figure 3.7A).
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Figure 3.7 Solubility as a function of [N-laurylsarcosine]. Initial extraction of
proteins from pellet in Buffer RB with 0% to 1% N-laurlsarcosine (A). Percent
solubilized (B) was measured as a function of pellet weight after centrifugation.

Using Equation 3.1, percent soluble (PS) was defined as the fraction of the pellet weight
(PW) that remained following extraction in detergent and centrifugation.

PS = PWinitial -PWfinal X 100%
PWinitial

3.1

PS values for vector, BCSNOD1, and BCSNOD2 were plotted as a function of
NLS concentration (Figure 3.7B). For the control (pET 28b), almost 100% PS was
achieved with 0.2% NLS (PWinitial< 0.1). The maximum PS for BCSNOD1 was achieved
at 1% NLS was 98.9%. Interestingly, BCSNOD2 PS remained at 78% at 1% NLS, with a
considerable amount of protein remaining in the pellet. Furthermore, solubility did not
improve at concentrations up to 2% (data not shown), thus establishing a higher
hydrophobicity for BCSNOD2 than BCSNOD1.

32

Because protein yield was high
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Figure 3.8
Affinity Chromatography of BcSnod1 and BcSnod2.
Supernatants (S1 & S2) from 0.2% NLS extraction were injected into an
affinity column and run on HPLC (top panels). Fractions were collected
and run on a 12% gel.

regardless of the detergent content, subsequent purifications were performed in 0.2-0.3%
NLS.
3. Purification
Using the optimization data from section B.3 as a guide, the next goal was to
purify BCSNOD1 and BCSNOD2 to >95% homogeneity. Proteins were applied to a
metal affinity column and eluted on an Imidazole gradient (Figure 3.8). To reduce
contaminant protein populations, an initial resuspension and lysis of the bacterial pellets
in Buffer RB was performed without detergent according to protocol (Novagen).
Although this extraction step did not remove all contaminants, the remaining artifacts did
not adhere to the nickel column or the BCSNOD proteins. The fraction of total protein
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that bound to the column was approximately 65%. Column flow through (FT) at 0.3%
NLS was similar to that of higher percent detergent, suggesting that either the proteins
had low affinity to the column (i.e. His-tag residues are buried), or the column became
oversaturated (maximum capacity is ~300 mg). Following elution of the bound proteins
on a 0-500 mM gradient, fractions collected were ~98% pure. In addition, roughly half of
the FT fraction would not bind to the column after a second round of purification (data
not shown).

It is possible that both BCSNOD1 and BCSNOD2 exist in multiple

conformations, and the FT fractions represent a partially folded structure or one in which
the His-tag is inaccessible to the metal ions of the affinity column.
4. Size Exclusion Chromatography
According to recent literature, cerato-platanins from C. platani and T. atroviride
have the capacity establish complex oligomeric structures. CPs self-assemble at the hostplant interface in a manner similar to the closely related hydrophobin family.

A

comparison of aggregates reveals that unlike the stable, highly ordered rod/amyloid-like
structures of hydrophobins, CP aggregates are irregular and easily reversible (Frischmann
et al., 2013). Whereas hydrophobins increase the hydrophobicity in regions surrounding
the plant-pathogen interface, the surface dynamics CP homologue EPL1 show a shift
towards a more hydrophilic environments, thereby suggesting different functions.
To investigate the oligomeric state of BCSNOD1 and BCSNOD2, the final
purification step was gel filtration (Figure 3.9).

Also known as size exclusion

chromatography, gel filtration is a process in which molecules (i.e. proteins, nucleic acids
are separated by size rather than affinity. Solutions (mobile phase) are applied to the top
of a size exclusion column containing porous beads (stationary phase). The volume of
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MW

A.U.

V0

t

Figure 3.9 Size Exclusion Chromatography. Largest molecules travel around
the stationary phase (red and black arrows) while small molecules (green arrow)
pass through bead channels.
the pores and size of the beads determine which proteins are able to enter the pores. The
partition coefficient (K) reflects the extent to which molecules are included in the
stationary phase and ranges between 0 (excluded) and 1 (included). Small molecules
pass through the pores (Vi) while larger molecules are excluded from the mobile phase
and travel around the beads in an area referred to as the void volume (V0 ). The retention
time necessary to pass through or around the porous matrix (Vr) is calculated using
Equation 3.2.

Vr = V0 + KVi
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3.2

High molecular weight molecules such as proteins are eluted from size exclusion
columns first because they surpass the mobile phase. Small molecules (i.e. peptides) are
eluted at the end of gel filtration. Size exclusion chromatography is an excellent method
for the separation of heterogeneous mixtures, buffer exchange, and ultrapurification.
Affinity-purified BCSNOD1 and BCSNOD2 were run through an S-100 gel
filtration column. Both BCSNOD1 and BCSNOD2 have a “shoulder” which extends to
the right their elution profiles, with the profile of the latter appearing as two merged
peaks (Figure 3.10A & B). Comparing the column retention times of both to standards
indicates a molecular weight of approximately 60 kDa for each protein.

A non-

denaturing native gel confirms that both BCSNOD1 and BCSNOD2 exist in tetrameric
form under the conditions previously described.
E. Summary
Recently, mass spectrometry was used to demonstrate that the cerato-platanin
BCSNOD1 is secreted during B. cinerea infection (Shah et al., 2009). Upon further
investigation, Mubarek (2007) found evidence of earlier gene induction of a second CP,
BCSNOD2. Both native BCSNOD1 and BCSNOD2 have a signal peptide sequence at
their N-terminus. To date, there is no direct evidence of BCSNOD2 secretion, however,
there are three theories as to why it is not visible in the B. cinerea secretome. First, it can
be speculated that if BCSNOD2 is secreted, like its gene expression, secretion is rapid,
occurring primarily during the very early stages of infection. The second theory is that,
as infection progresses, filtrate conditions become unfavorable (i.e. changes in pH, plant
metabolites or protease, etc), and the protein is degraded. Lastly, in lieu of secretion,
BCSNOD2 is encased in the B. cinerea membrane, with one or more regions capable of
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Figure 3.10. Gel Filtration of Recombinant CPs. Elution profile (in minutes) of (A)
Snod1 and (B) BcSnod2. 12% SDS PAGE gel of (C) BcSnod1 and (D) BcSnod2.
(E)Native gel of pooled BcSnod1 and BcSnod2.

projecting into the host plane interface.
The amino sequence analyses of BCSNOD1 and BCSNOD2 show that both
proteins are extremely hydrophobic. Furthermore, the hydropathy plots indicate the
presence of multiple transmembrane regions. Both size exclusion chromatography and
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native PAGE indicate multimeric states for both BCSNOD1 and BCSNOD2.

The

majority of oligomers seen on native gels are tetramers, although both larger and small
variants are also present. Although the shape and distribution of the oligomers lies
beyond the scope of the current investigation, there is reason to believe they may form
aggregates.
The inability to obtain soluble protein during extraction in solutions with [NLS]
below 0.2%, suggests the necessity of a highly concentrated, charged environment for
proper protein folding. Indeed, a closer look at NLS reveals an amphiphilc structure with
a nonpolar hydrocarbon side-chain attached a negatively charged hydrophilic carboxylate
group. Assuming the behavior of BCSNODs is similar to that of EPL1, in order to
increase the hydrophilicity of the surrounding solution, proteins have their positively
charged residues at the exterior regions of aggregates. At lower concentrations of NLS,
the hydrophilic interactions between the detergent and the protein are weakened and
aggregates disassemble. This study has provided the first protocol for the extraction and
purification of a recombinant cerato-platanin from B. cinerea. The biophysical traits of
BCSNOD1 and BCSNOD2 are similar to other cerato-platanins. To determine BCSNOD
function, the remainder of this investigation will attempt to define its activity via in vitro
assays and transcriptomics.
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CHAPTER 4

IN VITRO ACTIVITY OF BCSNOD1 AND BCSNOD2 ON TOMATO LEAVES

A. OVERVIEW
Although recent studies have shown that CPs and their paralogs bind to
carbohydrates, there is no direct evidence that BCSNODs exhibit hydrolytic or enzymatic
activity. While gene silencing does affect lesion size in tomato plants (Frias, Brito, and
Gonzalez, 2012), other in vitro CP studies are sparse.

With the exception of M.

perniciosa, CPs are derived either directly from fungal cultures or expressed in Pichia
pastoris (Section 3.B). The current study utilized bacterial expression system. In an
effort to determine if proteins within this system are similar to their native forms in B.
cinerea, their interactions with live plant tissues must be evaluated. Phytotoxicity would
be defined both on a physiological and a molecular level. Active proteins would cause
necrosis in Solanum lycopersicum when applied to plant tissue (see Rathi, 2011).
B. cinerea secretes a massive store of proteins and low molecular weight
compounds (i.e. phenols) on its hosts during infection.

Because many are known

phytotoxins, it is difficult to study individual proteins of the secretome in vivo. In an
effort to understand the role of BCSNOD 1 and BCSNOD 2 proteins independent from B.
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cinerea and its secretory products, the next goal was to test their activity on living plant
tissue in vitro. While it is common for proteins to be applied by injection to leaves,
plants have a wound response that may enhance immune signaling. Therefore, to reduce
possible damage as a result of wounding, protein activity tests were performed using
needle-free application to the surface of leaves.
When studying pathogenicity, it is considered the gold standard to employ noninvasive techniques whenever possible (refer to section 3B for review). For analyses of
systems in planta, researchers have developed a number of needle-free applications
(Clough and Bent, 1998). One of the most common is vacuum infiltration. This method
is ideal for staining and transformation purposes, but is not suitable if the goal is to
maintain plant integrity, especially when working with the more fragile tissues. As an
alternative to vacuum infiltration, needleless syringes are commonly used. Tissues are
located in the chamber of a solution-filled syringe tube. The steady application and
release of pressure causes liquids to penetrate the cell walls of plant tissue.

Obvious

limitations of needleless syringes are that a) they are only useful for tissues that can be
inserted into the syringe tube and b) they require samples which are surgically removed
from whole plants. In the following study, two pressure-free alternatives approaches to
needleless infiltration are presented.
B. MATERIALS AND METHODS
1. Plant Samples
Sterile Solanum lycopersicum cv. Moneymaker seeds were planted in soil
(Evergreen) and watered daily for eight weeks in a plant growth chamber (Percival
Scientific) under an 8 h dark, 12 h light cycle, at 22° C. Proteins were prepared as
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Sample
pET 28b

Concentrations (nmol/ml)
BCSNOD1 50
100
200
BCSNOD2 50
100
200
Table 4.1 Sample Conditions for Dose Response Assay

described in Chapter 3.

Samples from the tetrameric peak of size exclusion

chromatography were pooled for plant testing.

To maximize protein activity of

BCSNODs, all assays were performed within 24 h of protein purification.
2. Detached Leaf Assay
In the preliminary studies, treatments involved the use of detached tomato cv.
Moneymaker. Using sterile scissors, leaves were cut from tomato plants and transferred
to a moist chamber. A 1 ml solution of the purified empty vector, 200 uM BCSNOD 1,
or 200 uM BCSNOD 2 was pipetted onto the lower epidermis of leaves. Three replicates
of each condition were monitored daily in a plant growth chamber. All protein solutions
were in 20 mM Na phosphate, 100 mm NaCl, 0.3% NLS, pH 7.4.
3. Dose-Dependent Response Study
For the dose-dependent response, tomato leaves were cut from tomato plants with
sterile scissors. Three leaves (three replicates each) were placed in three separate moist
chambers. Protein solutions were applied to the underside of each using the
concentrations given in Table 4.1.

Leaves were stored in a growth chamber and

monitored daily.
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Protein Solution

Soaked Swab

Tomato Plant

Figure 4.1 Cotton Swab Technique. Purified proteins are placed in 500 µl
Eppendorf tube at a volume of 200 µl. A sterile cotton swab is immersed in the
tube until it is saturated and rubbed against the anterior (stomatal region) of
tomato leaves.

4. Cotton Swab Application
To test activity on intact plants, the attached leaf or cotton swab assay was
employed (Figure 4.1).

For testing, the uppermost leaves of 8 week old tomato plants

were selected. A cotton swab was immersed in a 500 µl Eppendorf tube containing a 200
µl of fresh batch of purified pET 28b empty vector, or 200 nmol of BCSNOD1 or
BCSNOD2. Saturated swabs were rubbed gently on the bottom surface of three leaves
per sample. Plants remained in the growth chamber for observation.
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C. RESULTS
1. Detached Leaf Assay
The results for the detached leaf assay of BCSNOD1 and BCSNOD2 on tomato
leaves is presented in Figure 4.2. Interestingly, the aqueous solutions of purified empty
vector and BCSNOD1 remained at the surface of the leaves for 24 hours (Figure 4.2B
and 4.2F) while within 30 minutes of protein application, BCSNOD 2 immediately
penetrated the interior of the leaf surfaces (Figure 4.2J). Within three days the
appearance of necrotic-like lesions in BCSNOD1-treated leaves was observed (Figure
4.2G-H).

Necrotic lesions were also seen in BCSNOD2 with an accompanying

accumulation of moisture and the appearance of holes surrounding areas of inoculation
(Figure 4.2K-L).
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Figure 4.2. Preliminary study of recombinant pET 28b, Snod 1, and Snod 2
on 8-week old tomato leaves. SDS PAGE of purified empty vector pET 28b
(A), Snod 1 (E), and Snod 2 (I) Soluble proteins were passed through a Ni
column. Fractions retained on the column were eluted using an imidazole
gradient. One ml of empty vector fractions or 200 umol of purified Snod 1 or
Snod 2 proteins were applied to the underside of detached tomato leaves and
monitored daily. Three days post inoculation (DPI), response limited
primarily to site of inoculation in pET 28b (C-D). Necrosis and discoloration
appears most prominent in site of inoculation in Snod 1 treated leaf (G-H).
Snod 2 treatment caused the appearance of water-soaked lesions, and dark
necrotic lesions throughout tissue (J-L).
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Figure 4.3 Dose-Dependance of BcSnod Treated Tomato Leaves
2. Dose-Dependent Response
Next BCSNOD1 and BCSNOD2 tested for dose-dependent responses of tomato
leaves (Figure 4.3). When up to 100 nmol of BCSNOD1 was applied to leaves, the
appearance of browning and discoloration occurred around the area of inoculation
(Figure 4.3E). Browning also occurred with 50 nmol BCSNOD2 treatment. Although,
discoloration was less severe, it was evident that it spread beyond the site of inoculation.
With the inoculation of 100 nmol of protein, BCSNOD1 and BCSNOD2 treated leaves
resulted in necrotic-like lesions, with lesion spreading slightly more in the BCSNOD2
treatment. At 200 nmol, necrosis was severe in both BCSNOD1 and BCSNOD2 (Figure
4.3F, J). However, BCSNOD2 treatment also resulted in the formation of water-soaked
lesions and a noticeable decrease in tissue size and weight.
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3. Cotton Swab Application
In order to minimize, a potential wound-induced response, the remainder of
activity tests were performed on whole tomato plants. Because there was no guarantee
that proteins samples adhere to attached leaves, proteins were applied with a cotton swab.
using the maximum concentration (200 nm) derived from the dose-dependence tests.
Within three days post swab application, necrotic lesions were evident in BCSNODtreated leaves (Figure 4.4). A massive decrease of tissue size was seen in BCSNOD1
treatments (Figure 4.4F), accompanied by the development of disease-like symptoms on
adjacent leaves.
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pET 28b
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BcSnod1
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E
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Figure 4.4 Swab Application. Images taken at t = 0 (A,C,E) and t = 3 days
post application. Assays were performed within 24 hours of protein
purification. Typical responses for all trials were seen withn 3-5 days. Note
in F, that browning occurs in BcSnod2-treated leaf (oval) and adjacent leaf.
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Table 4.2 Summary of BCSNOD Toxicity. All trials represents three replicates per
sample. Results were calculated 5 days post-treatment.
Application Vector Toxicity BCSNOD1 Toxicity BCSNOD2 Toxicity No. of
Number/Percent Number/Percent
Number/Percent
Trials
Inoculation 2 (14.3%)
12(85.7%)
14 (100%)
14
Cotton
0 (0%)
3 (100%)
3 (100%)
3
Swab

D. SUMMARY
Results of activity assays show evidence of BCSNOD-induced necrosis in the
majority of the trials (Table 4.2). In 2 out of 14 inoculation trials, BCSNOD1 did not
show signs of toxicity, while 2 empty vector trials showed signs of tissue damage distinct
from that seen in the majority of BCSNOD toxicity. There was no explanation for the
lack of BCSNOD1-treated tissue response, however, the latter response was due to
contamination, and thus the remaining trials were performed in ultrasterile chambers
under constant humidity. Under these conditions, all BCSNOD treatments consistently
resulted in the appearance of necrotic-like lesions.
In agreement with the detached leaf assay, results from cotton swab applications
confirm the effects of BCSNODs on tomato leaves. In general, tissue damage from
BCSNOD1 treatments is localized to the site of application.

On the other hand,

BCSNOD2 spreads to the entire leaf, resulting in a dramatic decrease in tissue size.
Furthermore, damage and necrotic activity is not limited to the site of inoculation, and
thus spreads to the stem and adjacent leaves.
Typical phenotypes of BCSNOD1- and BCSNOD2-treated leaves show subtle
differences in terms of plant-tissue interactions. Whereas, localization of necrotic lesions
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to the site of BCSNOD1 inoculation implicates HR dependent mechanisms that prevent
the spread of infection to surrounding regions/tissues, the alteration in leaf size and water
content of BCSNOD2 treated leaves leave us to speculate the induction of multiple
pathways including

phytoalexin accumulation and signaling, callus production, and

senescence. To confirm possible genetic variation, the remainder of the investigation
turns to next generation sequencing.
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CHAPTER 5
CERATO-PLATANIN-MEDIATED GENE EXPRESSION

A. OVERVIEW
The in vitro assay demonstrates the ability of recombinant BCSNOD1 and
BCSNOD2 to induce phytotoxity in the leaves of tomato plants. However, to gain insight
as to the genetic events that occur as a result of exposure to BCSNOD proteins, RNA was
isolated from tissues treated with the proteins at specified time points. To characterize
genes induced by each treatment condition, tomato leaf RNA was subjected to next
generation sequencing (NGS).
1. Next Generation Sequencing
NGS is a high throughput technique used to evaluate an organism’s transcribed
genes or cDNA library (Figure 5.1). In the first step, the polyA tail portion of total RNA
is isolated with polyT beads (Figure 5.1A).

Resultant mRNA is fragmented and

converted to cDNA via RT-PCR to produce fragments of ~200-250 kb (Figure 5.1B).
The cDNA is ligated to platform-specific adaptors containing short universal priming
sequences (Figure 5.1C).

The fragments are denatured into single strands that are

grafted to a flow cell at the adapter ends (Figure 5.1D-E). Bridge amplification and
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Figure 5.1 Next Generation Sequencing Schematic. Total RNA library (A) is
purified with polyT beads (B) to yield polyA mRNA. The mRNA is fragmented
C) and reverse transcribed to yield short cDNA fragments (D). Each cDNA
fragment is ligated to an adaptor and grafted onto the flowcell (E). Bridge
amplification produces a complementary fragment. After elongation, the
fragment is released from the flowcell by chemical denaturation (F).

sequencing proceed from a single end or paired ends in the presence of polymerase and
dNTPs (Figure 5.1F). After sequencing is complete, the user is provided with a dataset
of short nucleotide sequences, or reads, that can be assembled and aligned to the
respective genome.

Depending on the read length and platform, up to 150 million reads

can be generated, thus allowing for extensive coverage of a specified genome.
2. The Tomato Genome
Solanum lycopersicum (tomato) is the third most important economic crop in the
world. Although its genome is primarily diploid (2n), it is considered allotetraploid due
51

16000

Genome Size (Mb)

14000
12000
10000
8000
6000
4000
2000

ou
se
R
ic
e
to
m
at
B.
ci o
ne
re
a

co
li

M

li ly

E.

.m

D

H

om

o

sa
el pie
n
an
og s
as
C
. e ter
le
g
A. ans
S. tha
lia
ly
pe na
rs
ic
um
m
ai
ze
w
he
at

0

Figure 5.2 Cross-Comparison of Genome Sizes of Select Species

to whole genome triplication which dates back to its common hexaploid ancestor (Tang
et al., 2008). The total genome (950 Mb) consists of a 31.8 Mb transcriptome with
34,727 protein coding genes spanning 12 chromosomes (Bombardy et al, 2011).
Although relatively small in size when compared to other species (Figure 5.2),
sequencing has revealed a rather complex genomic organization.

727 genes are

homologous to genes found exclusively in fleshy fruit species. There is a large
distribution of repetitive genes, with repetitive sequences primarily situated within the
heterochromatin region (Mueller et al., 2008; Chang et al., 2008). In addition, there are
96 microRNA genes and a large amount of low copy DNA within the genome (Tomato
Genome Consortium, 2012).

52

Consequently, multidimensional approach for the identification, differentiation,
and annotation of differentially expressed genes was utilized. For the remainder of the
investigation, the dynamics of the transcriptome of

Solanum lycopersicum cv.

Moneymaker treated with BCSNOD1 and BCSNOD2 are considered.

In analyzing

differential gene expression, the complexity of the tomato genome will be revisited in an
effort to provide an accurate estimation of BCSNOD-induced transcriptional regulation
B. MATERIALS AND METHODS
1. Sample Setup
As described in CHAPTER 4, when BCSNOD1 and BCSNOD2 are applied to the
leaves of tomato plants, tissues develop necrotic-like lesions within 3-5 days, thereby
rendering the isolation of RNA challenging. Therefore, RNA is extracted from tomato
leaves at early stages of protein application. Furthermore, to avoid genetic changes due
to wounding, leaves were treated with protein while attached to the plant.
2. Total RNA isolation
At t = 0, 4, and 24 hours, treated leaves were removed from the tomato plant with
sterile forceps and immersed in liquid nitrogen. Tissues were ground using a sterile
chilled mortar and pestle.

Ground samples from each condition were pooled and

approximately 150 mg was used to extract RNA with the QIAGEN Rneasy kit. To
determine RNA quantity and integrity, 5 µl of each sample was run on a 1.2%
Formaldehyde agarose gel. For further quantification, one µl of each sample was tested
on a nanodrop.
3. Library Preparation
Total RNA samples were submitted in 55 µl aliquots of 10 mM Tris, pH 8.0 to the
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Genomic Services Laboratory of the Hudson Alpha Institute for QC analysis and library
preparation. Samples were indexed using the TruSeq adaptor kit. 500 ug of each sample
was pooled onto one lane and sequenced on an Illumina HiSeq 2000 in one lane to
generate ~25 million paired end reads. The sequencing depth of coverage per sample was
calculated using Equation 5.1.

Sequencing Depth = total number of reads x read length
transcriptome size

5.1

4. Data Processing
a. Raw Sequence Data Manipulation & Alignment
After sequencing, the initial processing of data was performed using the Galaxy
server (Goecks et al., 2010; Blankenberg et al., 2010, Giardine et al., 2005). The pairedend reads for all samples were groomed and analyzed for quality with FASTQ Groomer
and FASTQC, respectively. Reads were filtered to remove all bases with quality scores
below 30. Reads were aligned to the tomato genome (ITAG Release 2.40) using TopHat
(Trapnell, Pachter, and Salzberg, 2009). For transcript assembly aligned reads were
processed with Cufflinks (Trapnell et al. 2010). The assembled transcripts were merged
with the annotated tomato genes from SGN ITAG Release 2.40 using Cuffmerge.
b. Determination of Differential Gene Expression
Merged transcripts and accepted hits from Cufflinks were processed with Cuffdiff
(Trapnell et al., 2010).

The allowed false discovery rate was set at 0.05. To maximize

the accuracy of differential expression determination, quartile normalization was
performed.

In addition, the sequences of the tomato chromosomes were added to
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perform bias correction. Genes were defined as significant if they had p-values ≤ 0.05
and showed ≥ 2-fold increase/decrease in expression between conditions. A scatterplot
was created to show variability between conditions (data not shown)..
c. Pathway Analyses
All genes showing a change in expression greater than or equal to two-fold
relative to empty vector were subjected to gene ontology (GO) analysis. First, gene IDs
from Galaxy differential expression analysis were converted to Uniprot IDs using the
EnsemblPlants release 17 web-based server (plants.ensembl.org/biomart/martview/). For
genes with no known function, EnsemblPlants was used to align sequences with genes
from Solanum tuberosum (potato) or Arabidopsis thaliana genes. Ensembl was also used
to provide GO, Interprot, and PFAM IDs. To group genes according to molecular
function, biological process or cellular component, gene IDs were submitted to Agrigo
(Zhou et al., 2010; Du et al., 2010). More specific classification was performed using
REVIGO (Supek et al, 2011).
d. Hierarchical Clustering
The method of high throughput sequencing described in Section 5.B.3-4 returns
an enormous amount genetic information, however, analysis is computation heavy and
requires a great deal of data filtering, manipulation, and storage capacity. As a result, it is
difficult to define groups based on similarity, expression patterns, or function without the
aide of extensive statistical knowledge. However, the hierarchical clustering algorithm is
designed to show relationships between each data point by computing a mathematical
“distance” between specific categories. Distances, displayed as dendograms, represent
the similarity between each data point, with the more distinct points having greater
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distance between other sets. For each dataset, the Hierarchical Clustering algorithm was
employed using the Pearson Correlation for distance measurements and the Average
Linkage Selection Method (Levenstein, Yang, and Ott, 2003; Saeed et al., 2003).
C. RESULTS
1. RNA Integrity and Sequencing Depth
As described in Chapter 4, BCSNOD1 and BCSNOD2 cause necrotic lesions
throughout treated tomato leaves. In order to characterize responses on a molecular level,
the cDNA from treated samples was sequenced. Because RNA is difficult to extract from
necrotic tissues, extraction occurred at t = 0, 4, or 24 hours post-treatment. The quantity
of RNA was assessed by the use of formaldehyde gels and UV absorbance.
The yield of total RNA from QIAGEN extraction is presented in Figure 5.3.
Standard library preparation and Transcription Profiling protocols recommend a
minimum of 1 µg of total RNA. In contrast to other samples, the BCSNOD1- treated
sample at t=4 h produced the smallest amount of RNA, despite three repeated attempts at
extraction. Therefore to keep all variables equal, sequencing was performed using 500
ng of RNA for all samples.
2. Transcriptome Analyses
Like many plants, the transcriptome of tomato has a large quantity of repetitive
elements or genes and a significant number of gene families with multiple homologues.
In addition, whole genome duplication (WGD) renders the alignment of reads to large
gene families especially challenging.

Therefore, to increase the accuracy of read

mapping and the depth of coverage, sequencing analysis was performed using 25 million
50 bp paired-end reads.
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For differential gene expression analysis, the recommended sequencing depth is
10-30X, while de novo transcript assembly requires at least 50X coverage. In the current
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Figure 5.4 Significantly Expressed Genes Across Conditions. FPKM values were
compared side by side for vector and BcSnod treatments. For sets with
treatment FPKM values ≥ the vector FPKM, fold change was defined as
BcSnod(1/2)FPKM/VectorFPKM, while for sets where vector FPKM values were 2,
FC was equal to negative VectorFPKM/BcSnod(1/2)FPKM.

study, the transcripts were mapped and assembled de novo to allow for gene discovery.
Assembled transcripts were merged with the tomato reference annotation prior to
differential expression testing. The sequencing parameters yielded an average depth of
coverage per sample of 55.2X.
3. Differentially Expressed Genes
Results from Cuffdiff show 17,646 differentially expressed genes across all
conditions (Figure 5.4). Of these, 18 genes mapped to two or more loci, and 81 genes
were novel (i.e. genes mapped to previously undiscovered loci within the 12
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Figure 5.5 Summary of Significant Gene Expression. All genes that demonstrated
greater than or equal to two-fold change in expression were used to generate a Venn
diagram of repressed (left) or induced (right) genes.

chromosomes). There were 9,252 genes which were upregulated while 8,193 genes were
downregulated. Expression data was filtered to examine the transcription profile of
individual treatments. A cross-comparison of the two untreated samples showed only 98
differentially expressed genes, thus indicating that there was minimum natural variation
from one plant to another.
In the case of differentially induced and repressed genes, tissues subjected to
BCSNOD2 for four hours had the largest number of significant differentially expressed
genes. Significantly induced datasets were grouped to find nonmatching (distinct) genes
between cross-comparisons (Figure 5.5). Interestingly, BCSNOD2-treated tissues had
the highest number of distinct induced and repressed genes at t = 4 hours, while
BCSNOD1-treated tissues had the largest number of distinctly regulated genes at t = 24
hours. As was revealed by qPCR (el Mubarek et al., 2006), during B. cinerea infection,
BCSNOD2 exhibits a rapid increase in expression within 30 minutes of exposure to
strawberry extracts. BCSNOD1 expression, on the other hand, gradually elevates with a
large increase occurring 32 hours post-infection. Taken together, data suggest a role for
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BCSNOD2 in early plant-pathogen interaction while BCSNOD1 might be involved in
long-term or downstream pathology. To understand the mechanisms ascribed to both
proteins, the next goal was to define genes according to their function.
4. Frequency of Gene Ontology Terms Across Samples
Gene ontology (GO) classification is a practical method used to group
genes/proteins into specific functional categories. GOs are particularly useful when
presented with large datasets (e.g. microarray, high throughput sequencing). Based on
gene ID, amino acid sequences/domains, and/or homology, individual genes are given a
biological, molecular, and/or cellular component functional ontology. These broad terms
are reduced by assigning a gene to one or more subsets of the aforementioned parent
terms.
A considerable fraction of the genes found in the SL2.40 assembly is either
hypothetical or have no known function. Therefore, in order to classify the function of
differentially expressed genes in the current study, multiple techniques were used for GO
assignment. Initially, less than 70% of the gene IDs that were recovered had one or more
corresponding GO accessions in the Gramene Biomart server or BLAST2GO database.
However, using protein sequence information, an additional 14% were categorized based
homologues, paralogs, or protein domains. As a result, ~84% of the target genes were
classified for further evaluation and pathway analysis.
BCSNOD1 and BCSNOD2 promote the appearance of necrotic-like lesions.
Thus, when deciphering gene expression, the primary candidate genes for in depth
analyses were those involved in stress- and defense-related responses. As a whole, gene
ontology and distribution were remarkably similar across all BCSNOD treatments (Table
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Table 5.1 General Categorization of Significantly Reduced Genes of Interest
FUNCTION/TREATMENT

BCSNOD1 BCSNOD2 BCSNOD1 BCSNOD2
(4 h)
(4 h)
(24 h)
(24 h)

Cell Wall

13

8

6

2

Defense Response

13

16

17

12

Response To Stress

46

52

49

34

Oxidoreductase

149

194

202

163

Peptidase Activity

37

61

39

35

Table 5.2 General Categorization of Significantly Induced Genes of Interest
BCSNOD1 BCSNOD2 BCSNOD1 BCSNOD2
FUNCTION/TREATMENT
(4 h)
(4 h)
(24 h)
(24 h)
25
22
2
13
Defense Response
13
16
20
Cell Wall
28
4
8
17
Enzyme Inhibitor Activity
22
149
194
163
Oxidoreductase
202
20
37
44
Peptidase Activity
48
35
54
Response To Stress
61
61

5.1-5.2). As would be expected based on the phenotypes of BCSNOD-treated leaves, all
conditions resulted in the differential expression of a substantial number of defensive and
stress-related genes. Of the induced gene subsets and corresponding ontologies (Table
5.3), approximately 81% of the GO terms were common to all datasets. Results from the
GO classification also indicate among other things, recognition of a foreign/external
stimulus, cellular stress, induced genetic responses.
Between 4 and 24 hours, there is an almost 10-fold increase in the number of
terms associated with transcription factors and translation in the BCSNOD1 treatments.
A substantial increase is also observed in the number of genes associated with the
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Table 5.3 Combined Gene Ontology Terms and IDs. Significant GO terms were defined as those
that had a larger percent of mappings in comparison to the background set. Bold indicates broad
term. All GO IDs from GO mapping were subjected to PlantGO Slim and Ontology count using
CateGOrizer (Hu, Bao, & Reecy, 2008). Counts represent the total number of occurrences of
represented GO IDs while fractions are the percent of total GO IDs mapping to a specific term.
GO Class ID

Definitions

Counts

Fractions

cellular_component
Cell
hydrolase activity
Intracellular

886
693
609
497
438
214
197
182
164
160
154

16.01%
12.52%
11.00%
8.98%
7.91%
3.87%
3.56%
3.29%
2.96%
2.89%
2.78%

nucleobase, nucleoside, nucleotide and nucleic acid metabolic process
Binding
Cytoplasm
protein metabolic process
Transport
Membrane
kinase activity
transporter activity
carbohydrate metabolic process
cellular component organization and biogenesis
catabolic process
lipid metabolic process
Translation
protein modification process
Nucleus
cell communication
enzyme regulator activity
nucleic acid binding
response to stress
DNA metabolic process
protein binding
signal transduction
nuclease activity
nucleotide binding
Mitochondrion
generation of precursor metabolites and energy
RNA binding
Thylakoid
signal transducer activity
Nucleoplasm
DNA binding
Plastid

139
114
79
76
68
60
53
48
46
46
46
39
30
29
29
23
23
23
22
21
20
19
15
14
14
12
12
12
11
10
10
10

2.51%
2.06%
1.43%
1.37%
1.23%
1.08%
0.96%
0.87%
0.83%
0.83%
0.83%
0.70%
0.54%
0.52%
0.52%
0.42%
0.42%
0.42%
0.40%
0.38%
0.36%
0.34%
0.27%
0.25%
0.25%
0.22%
0.22%
0.22%
0.20%
0.18%
0.18%
0.18%

GO:0003674
GO:0003824

molecular function
catalytic activity

GO:0008150
GO:0009987
GO:0008152
GO:0016740
GO:0009058

biological process
cellular process
metabolic process
transferase activity
biosynthetic process

GO:0005575
GO:0005623
GO:0016787
GO:0005622
GO:0006139
GO:0005488
GO:0005737
GO:0019538
GO:0006810
GO:0016020
GO:0016301
GO:0005215
GO:0005975
GO:0016043
GO:0009056
GO:0006629
GO:0006412
GO:0006464
GO:0005634
GO:0007154
GO:0030234
GO:0003676
GO:0006950
GO:0006259
GO:0005515
GO:0007165
GO:0004518
GO:0000166
GO:0005739
GO:0006091
GO:0003723
GO:0009579
GO:0004871
GO:0005654
GO:0003677
GO:0009536
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GO:0005794
GO:0004872
GO:0005783
GO:0005856
GO:0008289
GO:0015979
GO:0009628
GO:0007049
GO:0019748
GO:0009605
GO:0016265
GO:0008219
GO:0009607
GO:0009719
GO:0005840
GO:0019725
GO:0005886
GO:0008135
GO:0005773
GO:0005198
GO:0000003
GO:0007275
GO:0005829
GO:0030312
GO:0005576
GO:0005635
GO:0005777
GO:0030246
GO:0003774
GO:0005730
GO:0005618
GO:0005102
GO:0003700
GO:0009991
GO:0040029
GO:0009790
GO:0019825
GO:0009875
GO:0005615
GO:0003682
GO:0009835
GO:0009653
GO:0030154
GO:0009856

Golgi apparatus
receptor activity
endoplasmic reticulum
Cytoskeleton
lipid binding
Photosynthesis
response to abiotic stimulus
cell cycle
secondary metabolic process
response to external stimulus
Death
cell death
response to biotic stimulus
response to endogenous stimulus
Ribosome
cell homeostasis
plasma membrane
translation factor activity, nucleic acid binding
Vacuole
structural molecule activity
Reproduction
multicellular organismal development
Cytosol
external encapsulating structure
extracellular region
nuclear envelope
Peroxisome
carbohydrate binding
motor activity
Nucleolus
cell wall
receptor binding
transcription factor activity
response to extracellular stimulus
regulation of gene expression, epigenetic
embryonic development
oxygen binding
pollen-pistil interaction
extracellular space
chromatin binding
Ripening
anatomical structure morphogenesis
cell differentiation
Pollination
Total
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10
9
9
8
8
7
7
7
6
5
5
5
4
4
4
4
4
4
4
4
4
4
4
3
3
3
3
3
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
5535

0.18%
0.16%
0.16%
0.14%
0.14%
0.13%
0.13%
0.13%
0.11%
0.09%
0.09%
0.09%
0.07%
0.07%
0.07%
0.07%
0.07%
0.07%
0.07%
0.07%
0.07%
0.07%
0.07%
0.05%
0.05%
0.05%
0.05%
0.05%
0.04%
0.04%
0.04%
0.04%
0.04%
0.04%
0.04%
0.02%
0.02%
0.02%
0.02%
0.02%
0.02%
0.02%
0.02%
0.02%
100.00%

vacuole, secondary metabolism, and structural molecular activity in Both BCSNOD1 and
BCSNOD2 treatments from 4 to 24 hours. On the other hand, transport-linked ontologies
are drastically decreased by as much as 84% from the same time-points. Overall, other
than the less defined class of GOs (molecular function, biological process, and cellular
component), the largest class of common IDs across all conditions were those associated
with catalysis, metabolism (nucleic acid and protein), binding, and transport.
GO categorization has provided general functional information for specified lists
of genes. A more thorough assessment of protein function was achieved by dividing GO
terms into specific child terms in a process called “slimming.” What remains is a detailed
description of gene function as it applies to molecular interactions, pathway association,
and enzyme specificity.

For this level of detail, the remainder of the investigation

focuses on sequence- and domain-derived classifications of gene function as it applies to
induced and repressed gene subsets.
a. Highly Repressed Gene Expression
Highly repressed genes were defined as those having a fold change (FC) decrease
in expression ≥ ten when compared to empty vector samples. This section focuses on
genes with an FC ≥ 40 and their respective domains, however all genes will be revisited
in section 5.G. At t = 4 hours, there were 21 and 20 genes having a negative FC above 40
for BCSNOD1 and BCSNOD2 treatment, respectively (Table 5.4). In both conditions,
proteinase inhibitor I (PIN1) was repressed.

However, in contrast to BCSNOD1,

BCSNOD2 represses seven PIN1 genes with a maximum FC of 234.86. BCSNOD1
represses photosynthetic proteins of chloroplast and plastid origins such as neryl
diphosphate synthase and glucose ribotol dehydrogenase. The maximum FC decrease for
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Table 5.4 Highly Repressed Genes at t = 4 h. IDs in bold are referred to in text.
BCSNOD1_4h
Gene ID

BCSNOD2_4h
Interpro Description

negative
FC

Gene ID

Interpro Description

negative
FC

188.22

Solyc09g089520.2

potato
inhibitor
I/wound response

234.86

183.89

Solyc09g084490.2

NDPS1

glucose/choline/methanol
oxidoructase
neryl
diphosphate
synthase/chloroplast/me
tal binding

Solyc06g083470.2

glucose
ribotol
dehydrogenase

111.38

Solyc09g084450.2

Solyc03g098760.1

proteinase inhibitor I3

108.31

Solyc09g084480.2

Solyc08g067940.2
Solyc08g078640.1

Unknown
Pectinesterase

101.63
99.44

Solyc09g089540.2
Solyc09g072750.2

MKS2B

Thioesterase
phosphate-induced
protein
zinc finger proten

96.24

Solyc09g089530.2

77.35
64.52

Solyc02g067050.2
Solyc12g010030.1

60.61

Solyc03g098760.1

Solyc06g035580.2

Solyc04g074400.1
Solyc09g075590.1

Solyc09g062970.1

59.79

Solyc08g067940.2

Solyc01g090760.2

Unknown
GroES-like
alcohol
dehydrogenase
GATA-type transcription
factor

54.31

Solyc03g118310.2

Solyc09g072750.2
Solyc07g014730.2

unknown
phospolipase A2

53.38
49.92

TD
MKS2B

Solyc07g052180.1

prion protein

47.92

Solyc06g083470.2

Solyc09g089530.2

proteinase inhibitor I3

41.70

Solyc01g095450.2

Solyc04g007470.2

zinc finger/B-box proten
metal
binding
aminopeptidase
DNA binding protein

41.40

Solyc09g089520.2

41.26
40.68

Solyc09g084490.2
-

Solyc12g096780.1

LAPA1
Solyc03g118310.2

potato
inhibitor
I/wound response
proteinase
inhibitor
I13/wound
response
potato
inhibitor
I/wound response
proteinase
inhibitor
I13/wound
response
unknown
proteinase
inhibitor
I13/wound
response
DUF179, unknown
function
unknown
proteinase
inhibitor
I13/wound
response
Protein of unknown
function DUF179
DNA-binding
protein
threonine
dehydratase
thioesterase
Glucose/ribitol
dehydrogenase
Esterase,
SGNH
hydrolase-type
potato
inhibitor
I/wound response
potato
inhibitor
I/wound response
-

151.27

128.57
108.79

87.453
83.40

75.50
59.74
49.70

49.25
45.53
45.42
43.65
43.51
42.77
42.36
234.86
151.27
-

photosynthetic proteins was 188.221. BCSNOD1 also inhibited proteases and cell wall
degrading enzymes. Combined, the functions of highly repressed genes indicate an early
suppression of cell wall degradation and photosynthetic processes.
By 24 hours post-inoculation (Table 5.5), the continued suppression of wound-
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Table 5.5 Highly Repressed Genes at t = 24 Hours. Genes are shown in order of
transcriptional elevation in descending order. IDs in bold are referred to in text.
BCSNOD1_24h

BCSNOD2_24h
Negative
FC

Gene ID

Interpro Description

188.22

CATHDINH

415.75

PIIF

cathepsin D inhibitor
wound-induced
proteinase inhibitor I

RNAse T2
potato
inhibitor
I/wound response
Proteinase
inhibitor
I13, potato inhibitor I
Proteinase
inhibitor
I13, potato inhibitor
Proteinase
inhibitor
I3, Kunitz legume

256.51

Gene ID
Solyc06g035
580.2

Interpro Description
glucose/methanol/choline
oxidorductase

NDPS1

neryl diphosphate synthase 1
glucose
ribotol
dehydrogenase/
oxidoreductase

183.89

proteinase inhibitor I3

108.31

Unknown
Pectin lyase
factor

101.63

Solyc06g083
470.2
Solyc03g098
760.1
Solyc08g067
940.2
Solyc08g078
640.1
MKS2B
Solyc04g074
400.1
Solyc09g075
590.1
Solyc09g062
970.1
Solyc12g096
780.1
Solyc01g090
760.2
Solyc09g072
750.2
Solyc07g014
730.2
Solyc07g052
180.1
Solyc09g089
530.2
Solyc04g007
470.2
LAPA1
Solyc03g118
310.2

Negative
FC

280.76

59.79

Solyc07g006
560.2
Solyc09g084
480.2
Solyc09g089
510.2
Solyc09g089
530.2
Solyc03g098
780.1
Solyc01g108
710.2
Solyc02g068
170.1
Solyc06g071
220.1
CAHS,Solyc
06g059910.2

54.31

-

-

-

Unknown

53.38

-

-

-

phospholipase A2

49.92

-

-

-

47.92

-

-

-

41.7

-

-

-

41.4
41.26

-

-

-

40.68

-

-

-

111.38

fold/virulence
99.44

Methylketone synthase IIb

96.24

Phosphate-induced protein 1

77.35

Unknown

64.52

Unknown
GroES-like
dehydrogenase
GATA-type
factor

60.61
alcohol

118.66
78.59
63.61
62.81

Unknown

47.87

Unknown

44.58

Unknown

43.59

terpenoid synthase

41.02

transcription

prion protein
Proteinase inhibitor
potato inhibitor I

I13,

Zinc finger, B-box
Leucine aminopeptidase 1
Helix-loop-helix
DNAbinding

responsive genes is observed in BCSNOD2 treatments, along with repression of the
protease inhibitor for cathepsin D and inhibition of the single-stranded ribonuclease
RNAse T2.

BCSNOD1 suppresses the wound-inducible proteins PIN1 and

methylketone synthase IIb (MKS2), sequence-specific transcription factors, and
photosynthetic proteins. Like PIN1, MKS2 is a wound-inducible protein. PIN1 and
MKS2 show high levels of expression in the B. cinerea-resistant tomato S. habrochaites
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(Yu et al., 2010). There was also a noted decrease in the expression of oxidoreductases,
antioxidant compounds that alleviate oxidative stress, in both conditions. Consequently,
heightened repression of wound-signaling in both BCSNOD1 and BCSNOD2 suggests
that a key factor in CP resistance (and therefore B. cinerea resistance) is the repression of
the wound response.
b. Highly Induced Genes
At 4 hours, 46 and 54 genes had an FC increase greater than or equal to 40 in
BCSNOD1 and BCSNOD2 treatments, respectively (Table 5.6). The majority of highly
induced genes represent stress responsive and defense-related genes.

Of the integral

membrane proteins, BCSNOD1 treatment results in heightened expression of the
allergenic major latex protein (Mlp), while BCSNOD 2 induces expression of the 7 helix
membrane localized (Mlo) protein. Mlo is believed to be G-protein coupled receptors
(GPCRs).

Plant mutants deficient in MLO are resistant to B. cinerea and other

filamentous fungi because their spores are prevented from penetrating through cell walls
(Panstruga, 2005). BCSNOD2 treatment also triggers almost a 50 increase in ubiquitin
ligase expression, suggesting that plant proteins are being targeted for degradation.
Interestingly, PIN protein induction and repression occurs in both treatments. However,
the number of genes that are induced are much lower than those which are repressed,
suggesting that the overall effect of BCSNOD treatments is a reduction in wound
responsive signaling. Lastly, there was marked induction of the abscisic acid, auxin, and
ethylene associated proteins, dehydrin, auxin responsive promoter (ARP), and senescence
regulator and LE25, respectively, in BCSNOD2 treatments. Taken together, early gene
induction patterns show that BCSNOD1 causes plant-pathogen recognition responses,

67

Table 5.6 Highly Induced Genes at t = 4 Hours. Genes are shown in order of
transcriptional elevation in descending order. IDs in bold are referred to in text.
BCSNOD1

BCSNOD2

Gene ID

Interprot
Description

Solyc07g054720.1
Solyc05g053150.1

Proteinase inhibitor
I20
DNA binding

Solyc08g080630.2

FC

Solyc10g079620.1
Solyc07g052120.2

potato inhibitor I
BURP
containing
cell wall protein
magnesium
ion
binding/
terpene
synthase
redox/peroxidase
self-pollenation
recognition
protein binding
oxidoreductase/iron
binding
unknown
lipid
transfer/seed
storage
Haloacid
dehalogenase/epoxid
e hydrolase
Terpenoid synthase

Solyc02g078650.2

Thaumatin,
pathogenesis-related

Solyc02g062300.2

Solyc07g052140.2
Solyc02g087070.2
Solyc07g055690.1
Solyc03g096540.2
Solyc07g052370.2
Solyc09g008750.1
Solyc08g079190.1

Solyc12g070090.1

Solyc08g080640.1
Solyc04g072280.2
Solyc07g055560.2,
Solyc07g055570.1

Amidase
signature
domain
Thaumatin,
pathogenesisrelated
Laccase

Solyc11g006910.1

Cytochrome P450
Aminotransferase,
class I/classII
Ferredoxin [2Fe-2S],
plant

Solyc12g100270.1

Fatty
hydroxylase

Solyc11g044840.1

Gene ID

539.44
273.60

Solyc05g053150.1
Solyc07g008110.2

238.09

Solyc07g064660.1

210.12

Solyc03g025640.1

oxidoreductase

174.94

209.60
171.98

Solyc11g069560.1
Solyc09g075700.1

glycosyltransferase
Hydrolase

165.32
143.77

141.19
115.22

Solyc08g075320.2
Solyc07g054720.1

oxidoreductase
Endopeptidase inhibitor

138.90
133.26

103.30
102.49

Solyc11g007390.1
Solyc07g055690.1

119.24
118.86

101.82

Solyc07g008120.2

hexyl transferase
pollen recognition
plastocyanin-like
cupredoxin

96.24
95.99

Solyc02g062390.2
Solyc04g072280.2

92.60
89.12

94.09

LE25

89.80

Solyc02g086310.1

Dehydrin
Cupredoxin
Late
embryogenesis
abundant protein, LEA25/LEA-D113
Bifunctional
inhibitor/plant
lipid
transfer
protein/seed
storage helical domain

86.76

81.61
75.98

Solyc03g098100.2
Solyc09g097760.2

Aldo/keto
reductase
subgroup
Glycine rich protein

85.95
85.02

69.03

Solyc02g070090.1

66.16

Solyc08g080630.2

65.82

Solyc08g080530.1

63.08

Solyc03g007790.2

62.31

Solyc04g016000.2

acid

62.21

Solyc12g070090.1

Solyc08g080530.1
Solyc09g008760.1

61.56
56.40

XEGIP
Solyc08g068450.1

Solyc04g083140.1
Solyc06g011350.2
Solyc04g015820.1

Cytochrome P450
Aquaporin
unknown

56.27
55.10
53.32

Solyc02g064830.2
Solyc07g062480.1
Solyc02g078930.1

Solyc02g070110.1

FAD linked oxidase
Bet v I type; major
latex
protein;
allergen

52.30

Solyc08g061250.2

51.09

Solyc09g082890.1

Solyc05g012660.1

Solyc09g090990.2

FC

uncharacterized
binding
electron carrier
geranylgeranyl
reductase

Berberine/berberinelike protein
Glycosyltransferase
AER61,
uncharacterised
C2
calciumdependent membrane
targeting protein
unknown

Solyc06g065060.1

Interprot
Description
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DNA

FAD linked oxidase
Proteinase
inhibitor
I13, potato inhibitor I
C2
calcium/lipidbinding domain, CaLB
Serine/threonine- / dualspecificity
protein
kinase, catalytic domain
Heat
shock
factor
(HSF)-type,
DNAbinding
FAD linked oxidase
berberin-like protein
Xyloglucan-specific
fungal endoglucanase
inhibitor protein
Unknown
GH3 auxin-responsive
promoter
Bulb-type lectin
Root cap
Serine/threonine- / dualspecificity
protein
kinase (ATP binding)
ATPase,
P-type,
K/Mg/Cd/Cu/Zn/Na/Ca/
Na/H-transporter

470.63
317.87
192.63

92.62

88.97

82.70
79.97
79.12

75.43

72.72

67.92

66.81
65.58
64.77
57.37
56.03

55.24

54.74

while BCSNOD2 initiates the hormonally regulated pathways.
At 24 hours post-inoculation, the level of gene induction is greatly enhanced
(Table 5.7). In general, both BCSNOD1 and BCSNOD2 induce the ripening genes
ethylene responsive factor (ERF) and/or the ethylene converting enzyme 1aminocyclopropane-1-carboxylate oxidase 4 (ACO4). However, the BCSNOD1-induced
LeACO4 shows an increase of over 1000 FC in comparison to BCSNOD2. BCSNOD1
and BCSNOD2 cause a large induction in expression of allergen proteins, however the
former shows an FC increase of greater than 4400. The number of oxidoreductases from
BCSNOD1 treatments is three times that of BCSNOD2. On the other hand, the 24 hour
post-inoculation dataset reveals that BCSNOD2 is actively involved with stress-related
hormonally induced transcription, chaperone-assisted protein folding, and cell death.
D. PATHWAY ANALYSIS
The functional traits (i.e. domains) of differentially expressed genes from each
condition have provided a clear perspective of BCSNOD-induced transcriptional
response mechanisms. Based on Interprot classification, it is evident that multiple stressrelated genes are induced by BCSNOD1 and BCSNOD2 in tomato. Furthermore, the
majority of repressed genes appear to be those that would make plants more vulnerable to
infection. In spite of the level of detail provided by domain classification, to gain a better
understanding of BCSNOD-related transcriptional regulation, it is necessary to explore
differential gene expression in reference to pathway associations.
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Table 5.7 Highly Induced Genes at t = 24 Hour. Genes are shown in order of
transcriptional elevation in descending order. IDs in bold are referred to in text.
BCSNOD1_24h
Gene ID

LTPG1
LE-ACO4
Solyc07g007760.2
Solyc10g076680.1

BCSNOD2_24h
Interprot
Description
Plant lipid transfer
protein/Par allergen
ripening/oxidoreduc
tase protein
Gamma purothionin
(Knottin fold)

FC

4428.86
1122.06
925.16
738.88

Solyc03g025380.2

oxidoreductase
expansin/pollen
allergen
allene oxide cyclase
(ripening)
Haem
peroxidase,
plant/fungal/bacterial

Solyc10g076670.1

oxidoreductase

377.49

RNALE

356.18

TSW12

Ribonuclease T2
Flavonoid
biosynthesis
oxidoreductase
Polyketide synthase,
enoylreductase
Xyloglucan
endotransglucosylase
/hydrolase
hydrolase/
lipid
metabolism
Non-specific lipidtransfer protein 1

Solyc12g014420.1

hydrolase

243.73

Solyc11g072030.1

206.39

Solyc12g056600.2

lipid transport
Xyloglucan
endotransglucosylase
/hydrolase
Glucose/ribitol
dehydrogenase

184.65

Solyc06g062370.2

acid phosphatase

182.00

Solyc02g091700.2

176.74

Solyc10g055200.1

unknown
oxidoreductase/pect
inesterase/hydrolase
hexose
transporter/membran
e protein
Plant
disease
resistance response
protein

XEGIP

aspartic peptidase

127.63

EXP12
AOC

Solyc03g080190.2
ELI3

XTH6
Solyc02g071620.2

Solyc09g008320.2

Solyc04g082140.2

HT2

657.92
505.68
448.40

340.30
318.89

299.56
276.82
253.38

Gene ID
Solyc10g0244
90.1
Solyc08g0079
20.1
Solyc10g0766
70.1
Solyc02g0700
90.1
Solyc10g0766
60.1
Solyc10g0557
40.1
RNALE
Solyc10g0766
80.1
Solyc02g0648
30.2
Solyc01g1029
60.2
Solyc06g0761
60.2
Solyc10g0082
50.1
Solyc01g0884
00.2
Solyc12g0566
00.2
Solyc06g0841
90.2
Solyc04g0513
60.2

176.26

Solyc07g0519
50.2
Solyc10g0054
00.2
Solyc02g0786
50.2
Solyc11g0107
10.1
Solyc02g0623
00.2

166.61

Solyc10g0866
80.1

200.87

150.17

Solyc03g0780
90.2
Solyc08g0753
20.2
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Interprot Description
Major
facilitator
superfamily, oligopeptide
transporter
IQ motif, EF-hand binding
site
Oxoglutarate/irondependent dioxygenase
FAD linked oxidase, Nterminal

FC

oxidoreductase
Amino acid transporter,
transmembrane
Stress
response/cell
wall/RNA binding

179.56

Unknown
GH3
auxin-responsive
promoter

121.82
120.07

HSP20-like chaperone

115.91

Cytochrome P450

113.70

Helix-loop-helix
binding (HLH)

420.38
322.79
314.41
299.82

145.18
143.87

DNA109.57

Fatty acid hydroxylase
Glucose/ribitol
dehydrogenase
Plant
lipid
transfer
protein/Par allergen

106.27

AP2/ERF
C4-dicarboxylate
transporter/malic
transport protein

84.48

86.14
85.24

acid
83.73

Inositol oxygenase

80.69

Tyrosinase

73.48

AP2/ERF

73.37

BURP domain (cell wall)

72.81

Heat shock protein Hsp20

72.62

Pectinesterase inhibitor

72.54

Cytochrome P450

70.70

Solyc11g006540.1

mitochondrial
membrane transport
protein
pectinesterase
inhibitor
hexosyl
group
transferase
auxin inducible small
auxin
up
RNA
(SAUR) protein
FAD-dependent
pyridine nucleotidedisulphide
oxidoreductase

Solyc10g009410.1

aspartic peptidase

91.19

Solyc04g012050.2

AP2/ERF (ripening)

86.30

Solyc03g0975
70.2
Solyc06g0518
40.1
Solyc06g0834
80.2

78.34

Solyc08g0791
90.1

AP2/ERF
Glucose/ribitol
dehydrogenase
Bifunctional
inhibitor/plant
lipid
transfer
protein/seed
storage helical domain

Solyc03g0062
10.1
Solyc05g0550
30.1

Proteinase inhibitor I29,
cathepsin propeptide
SANT/Myb
domain
(DNA binding)

Solyc03g097840.2
Solyc06g034370.1
Solyc11g007500.1

Solyc07g042490.1

LEMTSHP

Solyc10g076660.1
Solyc10g085190.1

Solyc07g045440.1
Solyc06g066800.1
CYP85A1

Heat shock protein
Hsp20
Oxoglutarate/irondependent
dioxygenase
Isopenicillin
N
synthase
fasciclin- 1 (FAS1)
domain
(cell
adhesion)

116.82

Solyc06g0343
70.1
Solyc01g0914
70.2
Solyc07g0081
10.2

109.44

Solyc02g0794
40.1

122.22
118.17

104.09

77.99
74.00

71.31
71.28
70.20

Solyc12g044230.1

unknown
Cytochrome P450
Protein of unknown
function DUF81

Solyc05g055400.2

Cytochrome P450

68.87

Solyc05g009340.1

unknown

67.81

Solyc09g009220.2

unknown

62.45

Solyc12g056590.1

AP2/ERF (ripening)
Protein of unknown
function DUF1313
unknown

61.32

Solyc06g051680.1
Solyc06g065550.1

69.24

Solyc01g1004
40.1
Solyc08g0624
50.1
TAS14
Solyc02g0806
70.2
Solyc12g0144
20.1
Solyc03g0262
30.1
Solyc02g0623
80.1
Solyc09g0981
60.2

Pectinesterase inhibitor

70.00

ESCAROLA

69.24

Cupredoxin

69.19

FAD linked oxidase, Nterminal

66.57

RAG1-activating
protein-1-related (aphid
resistance)

65.70
62.67
60.80

60.58

58.68
58.28

Unknown

57.31

Heat shock protein Hsp20
dehydrin

56.49
54.74

Cupredoxin

53.23

x8 (pollen allergen)
Multi
antimicrobial
extrusion protein (MATE)

53.15

Zinc finger, GATA-type
Pirin
(transcriptional
regulation of apoptosis)

52.31
51.29
51.04

59.09
53.92

1. Plant Pathogen Recognition: Early Indicators of Immune Response
As discussed in Chapter 1, pathogenic fungi and other species present Avr
proteins at the exterior of its corresponding host. Depending on the nature of the Avr or
effector, if recognized by surface and/or membrane proteins of the host, a signaling
cascade will be initiated in an effort to subdue pathogen invasion. Because phytotoxic

71

effects of BCSNOD proteins are seen within days of inoculation, it is reasonable to
assume that they may be participating in plant pathogen interactions. To determine if
BCSNOD proteins act as an effector or an aviruelence (Avr) factor on the molecular
level, the amino acid sequences of significantly expressed genes were subjected to
pathway mapping using the KAAS platform. Although hormonal pathways and chemical
messenger signaling will be revisited in detail later in this Chapter, the aim of Section
5.D.1 is to show that 1) the PPI pathway plays an intricate role in the early regulation of
hormonally-induced genes and B) PPI precedes their appearance within the pathogen
recognition phase.
a. PAMP-Triggered Immunity
PAMP-triggered immunity can be initiated receptor-mediated Avr entry into the
cell (Figure 5.6A) or calcium ion efflux of calcium ions (Figure 5.6B). Induction of
either pathway leads to HR and cell wall reinforcement. Whereas calcium signaling is a
non-discriminate stress response to biotic and abiotic stimuli (Bose et al., 2011), Avr
proteins convey some degree of specificity to receptors and/or hosts. To reduce high
cytosolic [Ca+] in the cytosol to basal conditions, ions are forced into the apoplasm space
of the affected and adjoining cells. This, in turn, results in ROS accumulation within
affected cells and surrounding tissues. Likewise, calmodulin-dependent protein kinases
downstream of Avr perception phosphorylate respiratory burst oxidase (RbOH) to
generate additional ROS.
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A
PTI

ROS

♦CDPK

Avr

♦♦Rboh
HR
CW lignification
Cross-linking

♦♦♦♦CaM/CML

B
Ca
+

MPK4

♦ ♦WRKY29
FRK1

♦CNGC

♦WRKY25
♦♦♦WRKY22

NHO1
PR1

Secretory
pathway

Pathogenic
secretion
system

Phytalexin
Accumulation

MPK3/

♦HSP90

ER
HOPM1

♦♦♦MIN
7

♦RIN4
♦♦♦RPM4
♦RIN4
♦RPS2
JA

COI1

Ub Proteolysis

♦♦♦JAZ

C
ETI

♦MYC

HR

Coronatine

LEGEND
♦BcSnod1_4h
♦BcSnod2_4h
♦BcSnod1_24h
♦Bc_Snod2_24h
♦ALL

ABBREVIATIONS- CDPK1, calcium-dependent protein
kinase 1; COI1. coronatine-insentive-1; CNGC, calcium
nucleotide gated channels; ETI, effector triggered immunity;
HR, Hypersensitive response; JAZ, Jasmonate ZIM domaincontaining protein; LRR, leucine-rich receptor; MPK4,
mitogen activated protein kinase 4; MAP kinase (4); MIN7,
guanine nucleotide exchange factor; MYC, transcription
factor MYC; PTI, pathogen triggered immunity; Rboh,
respiratory burst oxidase, RPM4, RIN interacting protein 4;
ROS, reactive oxygenated species; RPS2, disease-resistant
protein, WRKY, transcription factors containing a highly
conserved WRKYGQK peptide sequence

Figure 5.6. Plant Pathogen Interactions of BcSnod Proteins. The amino acid
sequences of induced genes from all treatments were uploaded onto the KAAS
server for pathway mapping and enzyme codes (Moriya et al., 2007). Colorblocks represent treatment groups having ≥ 2-fold increase/decrease in
expression. Arrows indicate passage through the cell wall by receptor-mediated
entry (solid) or passive entry (dashed arrows). Pathways shown are (A) PTI, (B)
Calcium signaling, (C) ETI.
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In agreement with the differential expression analysis, pathway mapping
confirmed the regulation of both pathways (See also Appendix A, Figure 1 for ontology
and EC numbers). All samples showed an increase in CDPK, with CDPK-mediated
RbOH signaling and ROS accumulation occurring within 4 hours of protein application.
Interestingly, all treatments led to the enhancement of the calcium signaling pathway,
while Avr-mediated signaling occurs within the first four hours of treatment.
Furthermore, the expression of Avr receptors in experimental conditions was not
statistically different from controls.

These findings suggest that BCSNOD proteins

display a rapid interaction with tomato tissue, and may bypass PAMP receptors thereby
speeding up the formation of necrosis, while calcium-mediated responses are maintained
throughout the first 24 hours of all treatments.
b. Transcriptional Regulation of Alternative Immune Pathways
The results from PPI mapping also indicate regulation of jasmonic acid gene
synthesis, a prerequisite of JA-induced effector triggered immunity (Figure 5.6C). The
expression of the JA-dependent transcription factor MYC is enhanced in the BCSNOD1
treatment at 4 hours only, while the JAZ repressor is both induced and repressed in all
conditions.

This suggests that the early role of BCSNOD1 is to promote the JA

responsive pathway, while in other treatments and time points, signaling is more
controlled.
The A. thaliana WRKY superfamily consists of 79 transcription factors that bind
to W-box DNA elements (Eulgem & Solssich, 2007). WRKY proteins are categorized
by the number of WRKYGQK domains and the type of zinc finger (ZF) motif they
possess. The prolonged expression of WRKY25 causes the inhibition of SA-dependent
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pathogenesis-related protein synthesis and bacterial susceptibility in Pseudamonas
syringae infected A. thaliana (Zheng et al., 2007). Both WRKY25 and WRKY22 are
induced following metal ion and H2O2 exposure. In addition, WRKY22 causes the
induction of WRKY29, which ultimately triggers the accrual of phytoalexins. Although
WRKY25 is primarily associated with bacterial pathogens, the fact that it suppresses SAdependent signaling (Yamamoto et al., 2004) suggests an alternative mode of B. cinerea
mediated susceptibility.

In addition to ROS, WRKY-derived HR is induced in

BCSNOD1 and BCSNOD2 treated tomatoes. BCSNOD1 and BCSNOD2 show elevated
levels of WRKY25 expression, while WRKY22 is overexpressed in all conditions except
BCSNOD1 treatment at t = 4 hours. However, the induction of WRKY29 at 24 hours by
BCSNOD1 suggests that WRKY22 is brief and may be upregulated at some point outside
the range of RNA sample collection.
2. Production of Reactive Oxygenated Species
A major byproduct of HR is the mass accumulation of superoxide anions (O2-),
hydrogen peroxide (H2O2), free radicals, and nonradical ions.

Reactive oxygenated

species (ROS) act as chemical messengers, which at high concentrations exhibit oxidative
bursts in localized regions.

Both plant cells and pathogens in close proximity to

oxidative burst are destroyed. The enzymes responsible for ROS generation include
NADPH and xanthine oxidases (Photosystem I and II), cytochrome oxidase and NADPH
dehydrogenase (mitochondria), and cytochrome P450 (endoplasmic reticulum) and
NADH oxidase (cell wall). Under normal conditions, enzymes known collectively as
scavengers and antioxidants are able to control the level of ROS accumulation through
reductive reactions which reduce ROS levels. However, HR-activated ROS accumulates
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to concentrations well above scavenger capacity, thus causing oxidative stress.
For all treatment conditions, most induced ROS-related enzymes were generators
(Table 5.8), the majority of which were peroxidases.
BCSNOD1

treated

tomato

have

approximately

Interestingly, after 4 hours,
twice

as

many

induced

ROS-generating enzymes as any other condition, and represent the most diverse group of
induced differentially expressed generators and scavengers. Therefore, BCSNOD1 acts
as an elicitor of ROS generation and may contribute to HR-like cell death.
On the other hand, BCSNOD2 induced only 6 and 12 ROS scavengers, as
compared to 24 and 28 in the BCSNOD1 conditions, respectively. In all conditions, the
number of ROS generators decreases over time with the most dramatic decline being the
4 hour BCSNOD1 treatment. Furthermore, BCSNOD2 suppresses almost twice as many
scavengers as it induces (Table 5.9), suggesting that the protein may utilize ROS
signaling for its pathogenicity.

Table 5.8. Number of Induced ROS Enzymes. Table shows all ROS-related genes
with greater than 2-fold increase in expression relative to vector-treated samples.
Enzyme Class
ROS Generation (total)
NADPH dependent
oxidase
alternative oxidases
xanthine dehydrogenase
amine oxidase
Peroxidase
ROS Scavenger (total)
Ferredoxin
ascorbate peroxidase
Glutathione
superoxide dismutase
Glutaredoxin

BCSNOD1_4h
113

BCSNOD2_4h
63

BCSNOD1_24h
70

BCSNOD2_24h
54

2
8
13
5
85
24
13
9
2
0
0

0
0
0
0
63
6
6
0
0
0
0

0
6
0
3
61
28
10
9
4
5
0

0
0
0
2
52
12
2
8
1
0
1
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Table 5.9. Number of Repressed ROS Enzymes. Table shows all ROS-related genes
with greater than 2-fold decline in expression relative to vector-treated samples..
Enzyme Class
ROS Generation (total)
NADPH dependent
oxidase
alternative oxidases
Xanthine dehydrogenase
amine oxidase
Peroxidase
ROS Scavenger (total)
Ferredoxin
ascorbate peroxidase
Glutathione
superoxide dismutase
Glutaredoxin

BCSNOD1_4h
18

BCSNOD2_4h
15

BCSNOD1_24h
34

BCSNOD2_24h
34

0
0
1
7
10
18
16
2
0
0
0

0
0
10
1
4
14
11
1
2
0
0

0
0
1
12
21
27
8
5
4
9
1

0
4
1
10
19
25
18
2
5
0
0

The peroxidases represented the largest class of repressed ROS generators,
although to a much lesser extent than in the induced data. The suppression of alternative
glutaredoxin and alternate reductase occurs exclusively in 24 hour BCSNOD1 and
BCSNOD2 treatments, respectfully. At 24 hours there is an almost two-fold increase in
the number of repressed ROS scavengers as compare to induced genes, while superoxide
dismutase was suppressed only in the BCSNOD1 treatment.
In the current study functional relationships between BCSNOD1 and BCSNOD2
were investigated. The most common mathematical model used to define relationships
(or distances) between multiple variables is hierarchical clustering. The linkage between
BCSNOD1 and BCSNOD2 was calculated using the Multi-Experiment Viewer (Saeed et
al., 2003).

When comparing the differential expression profiles of the BCSNOD-

regulated peroxidases via hierarchical clustering (Figure 5.7), it is evident that the 4 hour
BCSNOD1 displays the largest increase of peroxidase expression (red blocks) and has the
most significant FC increase. These findings demonstrate that BCSNOD1 induces ROS.
Furthermore, because BCSNOD1 toxicity appears to be limited to the site of inoculation,
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Figure 5. 7. Hierarchical
Clustering of Peroxidase.
Colors indicate a fold
change of -2 to 0 (red), 0
to 2 (black), and all
values greater than two,

3. Phytoalexin Accumulation and Hormonal Signaling
Because plants are sessile and lack the circulatory systems of other eukaryotes,
they rely heavily on small molecule signal transduction as a form of cell-to-cell
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Figure 5.8. Pattern Recognition Receptors. (A) Ubiquitin ligase based receptor. In the
presence of hormones, the repressor binds to the SCF complex and subsequently
ubiquinate and degraded at the ubiquitin proteosome system (UPS) and hormoneinduced (HI) transcription procedes. (B) Simple two component systems have a ligand
binding region at the plasma membrane and a histidine kinase in the cytosol. (C)
Phosporelay systems utilize histine kinases (HK) and phosphate containing histidine
kinases (HtP) that phosphorylate regulatory proteins.

communication. As a result, they have developed very intricate hormonal signaling
networks.

Each hormonal pathway is under the tight control of PRRs and their
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corresponding regulatory enzymes/proteins (Figure 5.8). Ubiquitin (Ub) ligase based
systems are negatively regulated by transcriptional repressors (Figure 5.8A). In twocomponent systems (TCS, Figure 5.8B), hormone-bound receptor dimers are
phosphorylated and undergo conformational changes which cause the His-to-Asp
phosphorylation of downstream molecules (Lohrmann and Harter, 2002). In the more
complex TCSs, or phosphorelay systems (Figure 5.8C), multiple PRR input domains
bind to hormones, while the intracellular transmitter domains of phosphorelay receptors
work in tandem to phosphorylate histidine kinase domains and thus transmit hormonal
response signals.
a. Ubiquitin Pathway and Role in Hormonal Signaling
Ubiquitin is a small highly conserved protein which is expressed in all eukaryotic
tissues/cells. Its prevalence, and as implied by its name, ubiquitous expression in all
eukaryotes suggest a critical role in cell development and homeostasis. Ubiquitin is also
involved in the induction and suppression of hormonally-regulated gene expression. As
will later be seen, the play a role in receptor activation, transcription, and cell sorting.
Ubiquitination involves the activation of Ub, conjugation of the activated Ub to a
target protein, and ligation of the ubiquitin monomers/polymers to each other.
Approximately 5% of the A. thaliana genome encodes ubiquitin enzymes (Mani &
Gelmann, 2005). Perhaps as compensation for their limited vascular system, not to
mention the lack of a circulatory system, higher plants can have many more E1 Ub
enzymes than their eukaryotic counterparts (Table 5.10).
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Table 5.10. Multi-species comparison of UBE homologues. Searches were
performed using the Database of Deubiquinating and Ubiquinating Enzymes
(Hutchins et al., 2013)
Species/Class
E1 E2 E3
Homo sapiens

5

178 2821

Mus musculus

13

179 1827

Drosophilia melanogaster

3

54

750

Schizosaccharomyces pombe

3

14

122

Arabidopsis thaliana

6

85

1806

Oryza sativa (rice)

16

81

1948

Chlamydomonas rheinhardtii (green algae)

3

24

339

Populas trichocarpa

9

90

1423

Zea mays (corn)

10

188 1800

As discussed in the previous Section that, under hormone-deficient conditions, a
repressor binds tightly to hormonally-regulated transcription factors (Figure 5.8). In the
ubiquitin-based system, repressors bound to the ubiquitin ligase complex are targeted
for ubiquitination and subsequently degraded thus allowing hormonal signal transduction
to ensue. In the presence of hormones, the ubiquitin ligase complex binds to the hormone
and the repressor. Once bound to the ubiquitin ligase complex, repressor proteins are
targeted for ubiquitination and subsequently degraded thus allowing hormonal signal
transduction to ensue.
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Considering the impact of ubiquitin tags on molecular function, it is not
surprising that E1s constitute the smallest class of Ub enzymes. Although the Ubconjugating enzyme family is also relatively small, the diversity of substrate specificity
within the E2 family members and other UbE enzymes implies a rate-limiting step in the
ubiquination process. Lastly, the E3 ubiquitin ligases represent the largest class of Ubassociated enzymes. As the most structurally diverse class of UBEs (Prins, Wagemakers,
and Kan, 2000; Table 5.11), their interaction with Ub and substrate serves as a critical
step in protein trafficking, because. E3s control the dynamics of Ub monomer/polymer
arrangement on the target protein. (Reviewed in Dreher and Callis, 2007).

Table 5.11. Diversity of E3 Enzyme Families
Family
Binding Properties and Complex
Features
Really Interesting RING binds directly to substrate and
Gene (RING)/Uubiquitin-bound E2
box
Homologous to E6 Covalently binds directly to active
AP-terminus
ubiquitin prior to substrate
ubiquitination
(HECT)
Skp, Cullin, F-box Adaptor (Skp) binds to substrate, F-box
containing
binding of adaptor and RBX1:E2:Ub
complex (SCF)
brings substrate in proximity to
ubiquitin
Anaphase
Allows for interaction between APCPromoting
bound E2:Ub and CDC-bound
Complex
substrate
Cyclosome
(APC/C)
Cullin Broad
CUL3 interaction with substrate-bound
Complex and
BTB and E2:Ub cause ubiquitination of
Bric-a-Brac
substrate protein
(CUL3-BTB)
Cullin 4 Damaged DDB1 binds to substrate protein and
DNA Binding
CUL4-associated factors (DCAF),
1(CULl4-DDB1)
Binding of RBX1:E2 (UBE12):Ub and
DDB:substrate catalyzes substrate (and
possibly DCAF) ubiquitination
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Function
Defense; ABA, auxin, and
BR signaling
ABA and GA signaling,
defense
Phytoalexin signaling,
defense

Histone modification;
auxin signaling

Degrades ACC thus
inhibiting ET production

Repression of lightinduced morphogenesis;
DNA Repair; Histone 3
and 4 ubiquitination

Ubiquitin activation is facilitated by E1 enzymes. During conjugation, E1-bound
ubiquitin is transferred to E2 by trans(thio)esterification, and subsequently bound to the
target protein. E3 enzymes catalyze the binding between specific lysine residues of an
incoming substrate/ubiquitin molecule and C-terminal glycine residue of ubiquitin.
Depending on the nature of ubiquitin-substrate binding (i.e. Ub Lys-linkage), its targets
are marked for degradation, cellular relocalization, endocytosis, and deactivation
(Pickart, 2001; Woelk, 2007).
The annotations deduced via KAAS (Table 5.12) show that the transcription
profiles of BCSNOD-treated tomatoes have an abundance of Ub associated genes from
all three classes of enzymes (Figure 5.9).

Table 5.12 Ubiquitin-Associated Enzyme Expression. Values are
Reported as FC relative to vector FPKM values.
BCSNOD1 BCSNOD2 BCSNOD1 BCSNOD2
Gene ID
4h
4h
24h
24h
Solyc01g007050.1
5.938101
0
0
0
Solyc01g007980.2
0
0
0
-3.6087
Solyc01g107980.2
3.143699
2.399281
0
0
Solyc02g072080.1
2.002566
3.399981
0
0
Solyc03g114160.1
2.014596
2.505848
0
0
Solyc04g008100.1
4.116876
10.78493
0
0
Solyc04g071030.1
3.278168
4.634702
0
0
Solyc05g056500.1
5.927591
2.170015
0
0
Solyc06g074140.1
9.53563
48.73815
0
0
Solyc06g074140.1
0
0
18.21562
39.79595
Solyc06g083150.2
0
0
0
0
Solyc07g040940.2
0
0
2.100102
-2.23176
Solyc11g005700.1
3.797703
3.014831
0
0
Solyc11g005700.1
0
2.443768
2.662314
Solyc11g006300.1
5.971382
2.469425
0
0
Solyc11g068940.1
15.86329
22.02727
0
0
Solyc12g094610.1
12.9161
0
0
0
Solyc12g094610.1
0
0
12.72388
-11.0647
UBC3
-2.44675
-2.08998
-2.26993
-2.28674
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Of the induced genes, NEDD4 was the only one involved with endocytosis, while the
majority of other genes participate in protein degradation and cell cycle regulation.
BCSNOD2 induced multiple UBEs from the E1, E2, and E3 classes.

More than 40

UBEs were induced in the BCSNOD2-treated tomato plants, most of which are involved
in proteosomal degradation. Enhanced expression of enzymes such as the E2 DDB and
E3 enzymes ARF-BP1 and UBE2N suggest the induction ubiquitin-mediated DNA repair
mechanisms.

B
E1

A

C

D
Vesicular
trafficking,
endosomal sorting,
DNA repair

E2

Ub

E3
Ubiquinated protein

E1
♦♦UBE1
♦UBLE1A
♦UBLE1B
♦UBE1C

LEGEND
♦BcSnod1_4h
♦BcSnod2_4h
♦BcSnod1_24h
♦Bc_Snod2_24h

E2
♦HIP2
♦♦♦UBED2 E
♦♦UBE21
♦♦UBE20
♦UBE1C
♦♦UBE2C
♦UBE2H
♦UBE2J
♦♦UBE2M
♦UBE2N
♦UBE2O
♦UBE2S
♦UBE2W

U-Box E3
♦UBE4B
♦CHIP
♦CYC4
♦PRP19

HECT E3
♦♦♦ARF-BP1
♦♦TRIP12
♦NEDD4
♦UBE3B
♦UBE3C

UPS

RING E3
♦RBX1
♦♦COP1
♦♦Cul1
♦Cul3
♦Cul4
♦ELOC
♦FBOX
♦Skp1
♦♦DDB1
♦♦DECAF
♦♦♦SIAH

APC/C E3
♦♦APC1
♦APC2
♦♦APC3
♦♦♦APC4
♦APC5
♦♦♦APC6
♦APC7
♦APC8
♦APC10
♦♦APC11
♦APC20
♦CDH1
♦CDH20

Figure 5.9 Ubiquitin-Mediated Proteolysis. A) Ubiquitin activation, B)
conjugation, and C) ligation. Ub-tagged molecules are degraded using the D)
ubiquitin proteosome system (UPS). Colors describe treatment conditions in
which there was a significant FC increase or decrease greater than 2 relative to
controls.
In contrast, BCSNOD1 treatment caused the induction of only twelve Ub
associated enzymes, none of which represented the class of E1 activating enzymes. On
the other hand, ten Ub proteins were induced in response to BCSNOD2 treatment for 4
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hours, and by 24 hours, the number grew to 30 enzymes, 5 of which are of the E1 class.
There were only 7 Ub-associated enzymes that were repressed in all treatments, all of
which belong to the E3 class of Ub-ligating enzymes. The largest negative fold change (12.7 and -11.1 for BCSNOD1 and BCSNOD2 at 24 hours, respectively) was
observed in the UBC3 Solyc12g094610.1, while other negative FCs were less than or
equal to 3.4.
b. Hormonal Regulation of Gene Expression
In addition to ROS, phytoalexin accumulation is a significant byproduct of HR.
Therefore, it is expected that one or more hormonal pathways might be activated
Table 5.13. Influence of BCSNOD protein on hormonally regulated pathways.
Datasat/
Auxin
GA
SA
CK
ET
JA
Hormone
DELLA NPR1
CRE1
ETR
MYC2
BCSNOD1 GH3
CTR1
Induced
EBF1/2
(4 h)
ERF1/2
TIR1
TF
AHP
JAZ
BCSNOD1
AUX/
B-ARR
Repressed
IAA
(4 h)
BCSNOD2
Induced
(4 h)
BCSNOD2
Repressed
(4 h)
BCSNOD1
Induced
(24 h)
BCSNOD1
Repressed
(24 h)
BCSNOD2
Induced
(24 h)
BCSNOD2
Repressed
(24 h)

TIR1
SAUR

DELLA

TGA

TF

TGA

CRE1
A-ARR

ETR
CTR1
EBF1/2
ERF1/2

JAZ

ABA
PYR/PYL
PP2C

PYR/PYL
PP2C
ABF

PP2C

CRE1
A-ARR

EBF1/2
ERF1/2

JAR1
JAZ

PYR/PYL
ABF
PP2C
SNRK2
ABF

JAZ

TIR1

TF

TGA

AHP
B-ARR

ERF1/2

JAZ

PYR/PYL
ABF

AUX 1
GH3

GID1

TGA

CRE1

ETR
CTR1

JAZ

ABF

TIR1
AUX/IAA

TF

TGA

AHP
B-ARR

JAZ
MYC2

PYR/PYL
ABF
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downstream of HR.

While typical HR-dependent hormonal pathways include SA, JA,

ET, and ABA transduction, often the effects of plant pathogen interaction spread beyond
these responses.

As indicated by differentially expressed analyses, BCSNOD1 and

BCSNOD2 exhibit a large influence on multiple hormonal signaling pathways (Table
5.13). In many instances, identical genes were both induced and repressed in a given
condition (data not shown). In an effort to cast light on the influence of BCSNODderived transcriptional regulation on each pathway, this section will focus primarily on
genes which display significant differential expression
c. Growth & Developmental Pathways
Cytokinines (CKs) play a pivotal role in cell cycle regulation and shoot initiation
(Pivarcsi et al., 2005). There was a noted induction of cytokinine receptor 1 (CRE1) for
BCSNOD1 and BCSNOD2 at all time points. CRE1 induction was accompanied by the
heightened expression of the two component type A Arabidopsis response regulator (AARR) and the suppression of type The architecture of B-ARR reveals a receiver domain
at the N-terminus and a myeloblastosis (MYB) DNA binding domain, suggesting that it
my serve as a transcription factor (Taniguchi et al., 2007). In contrast, other than a Cterminal signaling region, A-ARRs do not possess structural organization, and appear to
function as a regulatory component in the cytokinine feedback loop (Figure 5.8A).
Therefore, the simultaneous repression of B-ARR and the induction of A-ARR suggest
the inhibition of cell division and shoot initiation.
Like cytokinines, auxins are also associated with plant growth.
significant auxin-related gene responses to BCSNOD1 and BCSNOD2.

There were
The auxin

receptor (auxin influx carrier 1, AUX1) was only upregulated in response to BCSNOD2
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at 24 hours, while the ubiquitin ligase protein transport inhibitor 1 (TIR1) was repressed
in all conditions. The auxin-inducible gene small auxin up RNA (SAUR) was repressed
in BCSNOD2 treatments at 4 hours, the GH3 auxin responsive promoter was induced in
BCSNOD1 treatments (4 h) and BCSNOD2 treatments (24 h). This combined with the
repression of the auxin responsive protein suggests inhibition of auxin signaling.
The gibberilin pathway is primarily influential in light-directed plant growth
(Arteca and Dong, 1981; Iqbal et al., 2011). Initial gibberelin (GA) responses to
BCSNOD treatments showed enhanced expression of differentially expressed LLA, the
regulatory component of the GA SCF complex. In spite of overexpressed LLA, there
was also an increase in transcription factor (TF) for the phytochrome-interacting factor 3
(PIF3). In line with differentially expressed LLA induction, there was a cumulative
repression of photosynthetic proteins at t = 4 hours (Figure 5.10) and photosyntheticrelated antenna proteins. Although, photosynthetic repression appears remarkably similar
for BCSNOD1 and BCSNOD2 treatments, BCSNOD1 showed repression of more genes
belonging to Photosystem II and the cytochrome b6 complex. By 24 hours, differentially
expressed LLA is no longer repressed, and the GA receptor is, in fact induced in the
BCSNOD2 treatment. Combined, gene expression data show an initial repression of the
GA pathway, and an overall decline in all growth-related hormonal signaling.
d. Ripening, Aging, and Senescence
Both the jasmonate and ethylene pathway cause senescence in aging plants. The
latter, however, is also associated with the ripening process in fleshy fruit (Alexander and
Grierson, 2002). In the current study, the FC in expression of the ripening gene ethylene
responsive factor 1 (ERF1) was greater than or equal to 10 fold in BCSNOD1 treatments
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Figure 5.10 Repression of photosynthetic machinery. BcSnod1 (left) and BcSnod2
(right). Green boxes indicate genes with greater than 2 fold decrease in expression.
Illustration is from Moriya et al., 2007.

in comparison to greater than or equal to 3-fold for BCSNOD2 at 4 hours. The FC of
ERF1/2 increases to greater than or equal to 5 for BCSNOD2 treatments, while the FC
from BCSNOD1 suppression increases to greater than or equal to 4 at 24 hours.
Likewise, there is an increase in the expression of the negative regulator of ET,
serine/threonine protein kinase (CTR1), and the ethylene insensitive-3 (EIN3) binding Fbox protein (EBF1/2), both of which induce ET responses. Therefore, the additive effects
of BCSNOD treatments promote senescence.
Previously, the contributions of jasmonate signaling as it applies to plant pathogen
interactions were indirectly addressed (Section 5.D.1). Like auxins and gibberellins, JA
has ubiquitin ligase based receptors (Figure 5.8A), with the jasmonate ZIM domain
containing protein (JAZ) acting both as the regulatory subunit of the SCF complex and a
transcription repressor.

Multiple JAZ proteins were both up- and downregulated,

however, at 4 hours, there is only repression of JAZ. Interestingly, the 4 hour BCSNOD1
treatment was the only condition that enhanced the jasmonate transcription factor MYC2.
By 24 hours, MYC2 expression is repressed in the 24 hour BCSNOD2 treatment, while
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BCSNOD1 enhanced the expression of jasmonate resistant1 (JAR1), the amino acid
synthatase which converts JA to the biologically active form JA-Ile. The differentially
expressed analysis presented here shows that BCSNOD1 actively induces the JA
signaling pathway, while BCSNOD2 represses JA-related transcription.
Although the salicylic acid (SA) pathway is involved with various aspects of plant
growth/development and photosynthetic processes, it is primarily associated with
biotrophic defense responses (Vicente and Placencia, 2011). However, SA can also act
as antagonist/synergists of other hormonal pathways (de Torres-Zabala et al., 2009; Shim
et al., 2013). Furthermore, as demonstrated by Du et al. (2009), the SA and thus,
acquired immunity, is regulated by calcium signaling. The nonexpressor of PR-related
proteins 1 (NPR1) and its homologues act as SA receptors (Fu et al., 2012).

SA initiates

systemic acquired resistance with the aide of pathogenesis-related (PR) proteins. PR1
synthesis occurs only in the presence of the enhansosome (Wu et al., 2012). The
enhansosome is comprised of NPR1 bound to the TGA transcription repressor.
Surprisingly, although TGA expression was both positively and negatively regulated in
all BCSNOD2 conditions and the 24 hour BCSNOD2 condition, the 4 hour BCSNOD1
treatment induced NPR1, thus indicating attempts to develop SAR.
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One of the most influential hormonal pathways is the ABA signaling cascade
(Figure 5.11). In addition to its role in wound transduction, ABA negatively regulates
biotic stress responses induced by JA, ET, and SA (Adie et al., 2007).

Signal

transduction is tightly regulated by the pyrobactin resistance (PYR)/ regulatory
component of ABA receptor (RCAR) family (Figure ). PYR proteins serve as receptors
that bind to ABA. In the absence of ABA, inactive serine/threonine kinases (SNRKs) are
bound to protein phosphatase 2 C (PP2C). Elevated ABA levels and PYR:ABA complex
formation cause PYR dimers to disassociate and bind to the PP2C. As a result, the active
(autophosphorylated) SNRK protein is released and in turn, phosphorylates the ABA
responsive element binding factor (ABF). Finally, the activated transcription factors
synthesize ABA responsive genes.

ABA present
ABA

P
ABRE

Transcription

PYR

SNRK

P

PP2C

X

ABRE

No Transcription

Figure 5.11 Transcriptional Regulation of Abscisic Acid Pathway
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Studies show that ABA induces the accumulation of proteinase inhibitors (PIs) in
response to chemical or mechanical wounding (Damman and Sanchez-Serranno, 1997;
Casaretto, Zuniga, and Corcuera, 2004).

In the current study, a large number of

differentially expressed PIs were both inhibited and repressed in both BCSNOD1 and
BCSNOD2 treatments, with BCSNOD1 showing the most pronounced induction (greater
than 500 FC) of PIN1 occurring in the 4 hour BCSNOD1 treatments.

In contrast,

severe inhibition (FC decrease greater than 100-fold) of at least ten PIs was observed in
the 4 hour BCSNOD2 treatments and 5 PIs remained repressed at 24 hours. Examination
of the ABA pathway intermediates reveals that at 4 hours, BCSNODs repress the ABA
transcription factor ABF with BCSNOD2 causing the cumulative induction of the SNRK
inhibitor PP2C. By 24 hours, BCSNOD1 and BCSNOD2 upregulate ABA responsive
ABF. In addition BCSNOD1 increases SNRK expression. However, BCSNOD1 also
induces PP2C as well. Although ABF paralogues are also repressed at 24 hours postinoculation, it is the added decline in the expression ABA receptor PYR in all conditions
which indicates that BCSNOD1 and BCSNOD2 inhibit ABA gene transcription with the
latter being causing a more pronounced change in expression.
Assuming that ABA signaling was repressed as a result of BCSNOD treatment,
the next task was to determine if nonhormonal responses could trigger the induction of
protease inhibitors. As seen in Chapter 4, BCSNOD treatment causes severe necrotic
lesions on tomato leaves. Data presented thus far has provided evidence of molecular
responses to BCSNOD exposure.

Therefore, the remainder of this chapter will

investigate enzymatic and structural components of treated tissues.
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Table 5.14 Cell Wall-Associated Proteins
InterPro Description
Concanavalin A-like lectin/glucanase
Glycoside hydrolase, family 16
Xyloglucan endotransglucosylase/hydrolase
Xyloglucan endo-transglycosylase, C-terminal
Pectin lyase fold/virulence factor
Pectinesterase, catalytic
Pectinesterase inhibitor
Beta-glucanase
Alpha-1,4-glucan-protein synthase, UDP-forming
AAA+ ATPase domain
ABC transporter, integral membrane type 1
ABC transporter, N-terminal
ABC transporter, transmembrane domain, type 1
ABC transporter-like
Barwin
Barwin-related endoglucanase
D-alanine--D-alanine ligase, N-terminal
Glycine rich protein
Pre-ATP-grasp fold
SbmA/BacA-like
Thaumatin, pathogenesis-related

InterPro ID
IPR008985
IPR000757
IPR016455
IPR010713
IPR011050
IPR000070
IPR006501
IPR008264
IPR004901
IPR003593
IPR017940
IPR010509
IPR011527
IPR003439
IPR001153
IPR009009
IPR011127
IPR010800
IPR016185
IPR009248
IPR001938

COUNT
12
12
12
12
10
10
9
6
2
1
1
1
1
1
1
1
1
1
1
1
1

3. Cell Wall/Membrane-Associated Gene Expression
a. Cell Wall Proteins
In addition to hormonal responses, typical HR is accompanied by an increase in
cell wall- associated protein expression (Table 5.13), much of which serves to enhance
the physical barrier between plant tissue and pathogens/pathogenic substances. There
were 52 significantly expressed cell wall-associated proteins between all conditions
(Figure 5.12). The majority of differentially expressed cell wall genes were classified as
xyloglucan endotransglucosylase (XET) family members, the function of which is to
cleave and religate the glycosyl bonds of xyloglucans, the major components of plant cell
walls. Interestingly, all XET genes were upregulated and, with the exception of XTH6,
the FC in expression was more in all BCSNOD2 treatments in comparison to BCSNOD1.
Approximately 20% of cell wall proteins were involved in pectinesterase inhibition,
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while an additional 12.4% contain concanavelin A (Con A)-like domains, common
features of proteins which function in cell recognition, adhesion, and binding.

The

remainder was involved with cell wall reorganization, transport, and pathogen
recognition.

Based on the time response data, the order of BCSNOD-cell wall

interactions appears to be binding/recognition, cell wall expansion and reinforcement,
protease induction and subsequent inhibition, and oligosaccharide metabolism.
b. Cell Membrane Proteins
A total of 688 membrane-associated genes were differentially expressed. Of
these, 121 contained one or more transmembrane regions.

Based on Interprot

classification (Table 5.14), the largest class of proteins contained ATPase functional
domain(s). Other large classes include photosynthetic proteins, peptidases, members of
the major facilitator (IPR, IPR011701, IPR020846) or ABC transporter superfamily
(IPR003439, IPR013525). There were 121 proteins consisting of one or more
transmembrane regions.
Based on Interprot classification, the largest class of proteins were members of
the major facilitator (MF; IPR011701, IPR020846).

General substrate MF proteins

possess 12 transmembrane segments and are involved in the transport of small molecules
(i.e. SA, ions) and glycosylated proteins. The second largest domain, ABC transporters
(IPR003439, IPR013525)., represents a subclass of MF proteins, contained ATPase
functional domain(s). Although ABC transporters exist in all domains of life, plants have
significantly more than other species (Kang et al., 2011). Originally assumed to be an
ATP detoxification system, functional studies of Aribidopsis ABC transporters reveal
additional roles hormonal (ABA) trafficking (reviewed in Szewczak, Ziokiewicz, and
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Figure
5.12
Hierarchical
Clustering of differentially
expressed Cell Wall Proteins.
Colors indicate zero to low
expression (green), moderate
expression (black), and high
expression (red). Thresholds
for low, moderate, and high
were 0-1, 1-10, and greater
than 10, respectively. Cluster
analysis was performed using
the Multi-Experiment Viewer
(Saeed et al., 2006).

Jasinski, 2011), photosynthesis (Martinoia et al., 2002), 2002), extrusion of antifungal
agents (van den Brule and Smart, 2002 ).
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Table 5.15 Highly Represented Classes of Cell Membrane-Associated Proteins
Interpro Description
# of IDs
Major facilitator superfamily domain, general substrate transporter
86
Major facilitator superfamily
47
AAA+ ATPase domain
37
Oligopeptide transporter
37
ABC transporter-like
33
Major facilitator superfamily domain
33
Multi antimicrobial extrusion protein
22
General substrate transporter
21
Mitochondrial Rho-like
20
Small GTPase superfamily
20
Small GTPase superfamily, Rab type
20
Small GTPase superfamily, Ras type
20
Small GTPase superfamily, Rho type
20
Small GTP-binding protein domain
20
ABC transporter, transmembrane domain, type 1
18
ABC-2 type transporter
18
Aquaporin-like
18
Major intrinsic protein
18
Cellulose synthase
17
Sugar/inositol transporter
17
ABC transporter, integral membrane type 1
16
Aquaporin
15
Drug/metabolite transporter
15
Ran GTPase
15
ABC transporter, transmembrane domain
13
ATPase, P-type, K/Mg/Cd/Cu/Zn/Na/Ca/Na/H-transporter
12
Ion transport domain
12
Nonaspanin (TM9SF)
12
3-Oxoacyl-[acyl-carrier-protein (ACP)] synthase III C-terminal
11
ATPase, P-type, ATPase-associated domain
11
FAE1/Type III polyketide synthase-like protein
11
RAG1-activating protein-1-related
11
Thiolase-like
11
Very-long-chain 3-ketoacyl-CoA synthase
11
Chalcone/stilbene synthase, C-terminal
10
Cyclic nucleotide-binding-like
10
HAD-like domain
10
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Percent
5.862304
3.203817
2.522154
2.522154
2.249489
2.249489
1.499659
1.431493
1.363327
1.363327
1.363327
1.363327
1.363327
1.363327
1.226994
1.226994
1.226994
1.226994
1.158828
1.158828
1.090661
1.022495
1.022495
1.022495
0.886162
0.817996
0.817996
0.817996
0.74983
0.74983
0.74983
0.74983
0.74983
0.74983
0.681663
0.681663
0.681663

Figure 5.13 Hierarchical
Clustering
of
Membranous
Proteins.
For
the
sake
of
comparison,
the
expression image shows
the FPKM values of all
conditions.
Thresholds
for low, moderate, and
high were -1-1, 1-10, and
greater
than
10,
respectively.
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In general, early treatments result in an
increase

in

expression

proteins (Figure 5.14).

of

membranous

This heightened

induction is possibly due to loss of membrane
integrity at the cell or organelle surfaces, and
is a classic effect of HR-derived oxidative
bursts. BCSNOD2 continues to regulate gene
responses at 24 hours (although to a much
lower

extent),

while

BCSNOD1

gene

induction/repression subsides.
6. Defensive Gene Response: Final Review
of differentially expressed Genes
Although the transcription profiles
of BCSNOD1 and BCSNOD2 treated tomato
plants appears to be functionally diverse, more
than 40% of differentially expressed genes
represent defense/stress responsive elements.
Figure
5.14.
Hierarchical
Clustering of Defense-Responsive
Genes.
Thresholds for low,
moderate, and high were 0-1, 1-10,
and 10-1000, respectively. Cluster
analysis was performed using the
Multi-Experiment Viewer (Saeed et
al., 2006).

Prior sections have described in great detail
the cellular events that occur in response to
BCSNOD exposure.

Many of the genes

described are classified as defense/stress
associations. Although the largest percentage
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of differentially expressed genes stem from BCSNOD2 treatment (4 hours), the majority
of defensive signaling is seen in BCSNOD1 treatments (4 hours).

As seen in the

hierarchical cluster (Figure 5.14), there is an early induction of gene responses for
BCSNOD1, again indicating a plant recognition and response mechanism is in play.
In reviewing the genetic responses to BCSNOD2, it becomes apparent that its
role is to suppress resistant gene signaling and hyperinduce susceptile pathways to
disease pathology. The overabundance of UB enzymes can be indicative of general
protein degradation and/or degradation of hormone-dependent transcriptional repressors.
In either scenario, it is certain that overall plant health would be compromised.
BCSNOD2 also caused the induction of many heat shock proteins (Hsp). The presence
of HSPs and Ub enzymes suggest protein misfolding and degradative/trafficking
processes.
E. SUMMARY
The activity assays and transcriptome analyses provide direct evidence of plant
immune and defensive signaling responses. At first glance, the phenotypes of BCSNOD1
and BCSNOD2 treated tomato appear remarkably similar.

However, transcription

profiles show that as a result of BCSNOD1 treatment, tomato tissues mount multiple
defensive pathways.

The localization of lesions suggests that SAR and/or other

immunity signaling may be induced.

More importantly, the data insinuate that

BCSNOD1 acts as an effector that activates HR.

Furthermore, the limited area of

necrotic activity combined with elevated hormonal and defensive signaling, ROS
generator induction, and antioxidative gene synthesis imply that its pathogenicity can be
subdued by plant immune response mechanisms.

98

In spite of the similarities in amino acid sequence and composition, the data
reveal distinct differences between BCSNOD1 and BCSNOD2. As was seen in Chapter
4, necrotic-like lesions and tissue discoloration spread far beyond the site of BCSNOD2
inoculation. Surprisingly, undamaged leaf responses were more severe, with necrosis
spreading toward the untreated stems and adjacent leaves. These results may be due in
part to the substantial repression of the wound-inducible ABA pathway. There are also
multiple proteinase inhibitors genes which are repressed as a result of BCSNOD2
treatment. Of particular interest are those belonging to the protease inhibitor I20 family.
Also known as potato inhibitor I20, members of this family are induced in plants in
response to wounding, viral infection (i.e. tobacco mosaic virus), and exposure to
ultraviolet light. Many invasive pathogens secrete degradative enzymes onto their hosts,
the overexpression of the protease inhibitors serves as an effective defense mechanism
against these organisms. Although poorly understood, their role in nonenzymatic defense
strategies may be to control protease activity of wounded or infected plants.
In the preceding text, gene expression from controls (empty vector in detergent
buffer) was subtracted from the experimental datasets. However, it was evident that Nlaurylsarcosine does interact with tomato leaf gene expression (see Figure S1). Effects
were not seen on a physiological level, however NLS solutions did show alterations in
water transport and photosynthetic activity (although to a much lesser extent than
BCSNOD proteins).

Therefore, the goal of future studies will be to modify the

purification protocol in an effort to lower detergent concentrations and repeat the
sequencing analysis.
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CHAPTER 6

SUMMARY AND FUTURE PROSPECTS

The pathogenicity of B. cinerea has been studied extensively for centuries in
terms of its disease, genomic traits, and adaptability. What remains is a description of
clear preventative strategies to subdue infection.

Although the future of B. cinerea

research remains uncertain, data obtained via fungal secretome analyses has greatly
enhanced the current view regarding the nature of its pathology. Likewise, the scientific
community’s latest endeavor into the field of proteomics may provide a segway for the
development of antifungal agents.
These studies present the first protocol for the recombinant bacterial expression,
purification, and characterization of two cerato-platanins from B. cinerea. Furthermore,
they demonstrate that two out of many secretory proteins cause severe plant disease-like
symptoms in tomato. Although the physical evidence of the cerato-platanin BCSNOD1
phytotoxicity appears more localized at the site of exposure, BCSNOD2 toxicity spreads
to

surrounding

regions

or

tissue(s).

Combined,

these

proteins

initiate

the

induction/repression of more than 1/3 of transcribe genes in the tomato transcriptome.
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BCSNOD1 lesions are generally localized to the site of inoculation, suggesting the
initiation HR. An additional sign of HR is the increases in ROS-related enzyme
expression. HR is most likely induced within 4 hours of inoculation, triggering high
levels of peroxidase and ROS generating enzymes, but subsides to levels comparable to
BCSNOD2. On the other hand, the BCSNOD2 treatment results in necrosis at the site of
inoculation and adjacent plant tissues. Furthermore, NGS reveals significant activation
of the B. cinerea susceptible ABA signaling cascade while repressing alternate disease
resistance pathways.

Taken together, these findings suggest that the simultaneous

exposure of both proteins could be devastating.
The methods described herein do not conclude or exclude BCSNOD proteins as
having enzymatic activity.

However, the current study has provided unequivocal

evidence that the plant-pathogen response is activated, and a large scale transcriptional
regulation event occurs as a result in tomato. If indeed, one or both cerato-platanins
represent THE major disease causing agents of B. cinerea, these findings offer the
possibility to explore methods which target BCSNOD proteins specifically. Given the
nature of its secretome, this scenario is highly unlikely, nevertheless, activity assays and
transcriptomics provide evidence that that both proteins donate a significant contribution
to the phytotoxic properties of B. cinerea.

It must be noted that activity assays were performed using tetrameric populations
of BCSNOD1 and BCSNOD2.

However, there is substantial evidence that

oligomeric/aggregate size is a determinant of CP toxicity (Vargas et al., 2008). Future
prospects should compare the activity of BCSNOD monomers/oligomers if they exist, or
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better yet, perform site-directed mutagenesis to replace at least one disulphide-forming
cysteine residue.
Other avenues to explore focus on response to B. cinerea resistant plant species.
Plants can be naturally resistant (i.e. Solanum haibrachetes) or genetically modified to
suppress/knockdown susceptibility gene synthesis. Finally, the most obvious experiment
to perform would involve dual inoculation of BCSNOD1 and BCSNOD2 onto plant
tissue. As an alternative, ectopic gene expression of one or both would cause plants to
endogenously express proteins within the cell.
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Figure S1. Hieararchical Cluster of
Genes Identified through Next
Generation Sequencing. All genes
were subjected to hierarchical
clustering using Multiexperiment
Viewer. Distances in all clusters
were calculated using Pearson
correlation (Levenstein, Yang, Ott,
2003). Order from left to right:
BcSnod2 (4 h), Vector (4h),
BcSnod1 (4 h), BcSnod1 (24 h)
Vector (24 h), BcSnod2 (24 h).

121

Supplemental Table 1. Ubiquitin-associated enzymes
Repressed BCSNOD1 at 4 hours
ko:K06689 UBE2D_E
ubiquitin-conjugating enzyme E2 D/E
Repressed BCSNOD2 at 4 hours
ko:K06689 UBE2D_E
ubiquitin-conjugating enzyme E2 D/E
ko:K03094 SKP1
S-phase kinase-associated protein 1
F-box and leucine-rich repeat protein 1 (Sphase kinase-associated protein 2)
ko:K03875 SKP2
ko:K10143 RFWD2
E3 ubiquitin-protein ligase RFWD2
RING finger and CHY zinc finger domainko:K10144 RCHY1
containing protein 1
ko:K10570 ERCC8
DNA excision repair protein ERCC-8
ko:K10573 UBE2A
ubiquitin-conjugating enzyme E2 A
ko:K10575 UBE2G1
ubiquitin-conjugating enzyme E2 G1
ko:K10576 UBE2H
ubiquitin-conjugating enzyme E2 H
ko:K10579 UBE2M
ubiquitin-conjugating enzyme E2 M
ko:K10581 UBE2O
ubiquitin-conjugating enzyme E2 O
ko:K10591 NEDD4
E3 ubiquitin-protein ligase NEDD4
Repressed BCSNOD1 at 4 hours
ko:K03094 SKP1
S-phase kinase-associated protein 1
F-box and leucine-rich repeat protein 1 (Sphase kinase-associated protein 2)
ko:K03875 SKP2
ko:K06689 UBE2D_E
ubiquitin-conjugating enzyme E2 D/E
ko:K10143 RFWD2
E3 ubiquitin-protein ligase RFWD2
RING finger and CHY zinc finger domainko:K10144 RCHY1
containing protein 1
ko:K10570 ERCC8
DNA excision repair protein ERCC-8
ko:K10573 UBE2A
ubiquitin-conjugating enzyme E2 A
ko:K10575 UBE2G1
ubiquitin-conjugating enzyme E2 G1
ko:K10576 UBE2H
ubiquitin-conjugating enzyme E2 H
ko:K10579 UBE2M
ubiquitin-conjugating enzyme E2 M
ko:K10581 UBE2O
ubiquitin-conjugating enzyme E2 O
ko:K10591 NEDD4
E3 ubiquitin-protein ligase NEDD4
Repressed BCSNOD2 at 24 hours
ko:K03094 SKP1
S-phase kinase-associated protein 1
ko:K06689 UBE2D_E
ubiquitin-conjugating enzyme E2 D/E
STIP1 homology and U-box containing
ko:K09561 STUB1
protein 1
ko:K10143 RFWD2
E3 ubiquitin-protein ligase RFWD2
RING finger and CHY zinc finger domainko:K10144 RCHY1
containing protein 1
ko:K10570 ERCC8
DNA excision repair protein ERCC-8
ko:K10573 UBE2A
ubiquitin-conjugating enzyme E2 A
ko:K10575 UBE2G1
ubiquitin-conjugating enzyme E2 G1
ko:K10579 UBE2M
ubiquitin-conjugating enzyme E2 M
ko:K10581 UBE2O
ubiquitin-conjugating enzyme E2 O
ko:K10591 NEDD4
E3 ubiquitin-protein ligase NEDD4
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